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Fast lithium ion conducting solid electrolyte materials are important for next generation of 
lithium (Li) ion batteries and Li-air batteries. Li analogues based on sodium superionic 
conductor (NASICON) structure are among the most promising groups of oxide-based solid 
electrolyte materials. In the present work, different synthesis methods such as melting quench, 
sol-gel and hot press sintering have been used to develop high-performance Li1.5Al0.5Ge1.5(PO4)3 
(LAGP). Tape casting is also applied to fabricate the LAGP thin films for Li-air batteries. 
High conductivity LAGP glass-ceramic is prepared by melting-quench with post-crystallization. 
The influence of crystallization temperature and duration on crystal structure, morphology and 
ionic conductivity is systematically studied. It is found that the highest conductivity has been 
obtained for the glass-ceramic specimen crystallized at 825ºC for 8h with the value of 5.61ｘ
10-4 S cm-1 for bulk ionic conductivity and 4.49ｘ10-4 S cm-1 for total ionic conductivity. 
Crystallization parameters show a strong influence on Li ion mobility and the formation of 
amorphous phase, cracks and voids in morphology, which largely influence the materials’ ionic 
conductivity. 
In order to recycling and remodelling the waste glassy LAGP from melting-quench, a low 
temperature hot pressing process is introduced to consolidate LAGP glassy powder. The 
temperature of hot pressing is set according to the rubber-like behaviour of glass in thermal 
analysis. Different pressures and sintering temperatures are investigated. The ionic conductivity 
and activation energy of as-hot-pressed LAGP pellets after annealing are 1.64ｘ10-4 S cm-1 and 
0.30 eV, respectively. Different geometries of LAGP pellets could also be expected by using 
different mould in hot pressing. 
LAGP powder is also synthesized by a sol-gel method and the as-synthesized powder shows 
uniform distribution with controlled particle size. Hot pressing is also applied to densify LAGP 
pellets. In sol-gel process, the processing temperature can be effectively lowered from 1350ºC to 
800ºC. The hot pressing improves the relative density of LAGP pellets from 88% to 96%. And 
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the total conductivity is 1.67ｘ10-4 and 2.70ｘ10-4 S cm-1 for pressure-free sintered and 
hot-pressed sample, respectively. Since graphite mould is used in the hot pressing, causing a 
serious reduction of LAGP, Different amount of LiNO3 is added to compensate for Li loss. 
LAGP membranes of 150~350μ m in thickness are successfully prepared by facial tape casting. 
Its relative density is measured to be 95.5% with the ionic conductivity of the membrane of 2.89
ｘ10-4 S cm-1 in bulk and 2.81ｘ10-4 S cm-1 in total. The membrane is stable from room 
temperature to 150°C. The stability of this membrane against 0.5M LiOH and 0.5M Li3PO4 
buffer solution is also studied, showing that its total ionic conductivity is only slightly lowered 
to 1.30ｘ10-4 S cm-1 after 8 weeks in the solution. Therefore, it could fulfil the requirement of 
the application as a protective layer for anode in Li-air batteries. 
The present studies suggest that LAGP be a promising solid electrolyte material for the 
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Chapter 1. Introduction 
1.1 Motivation 
Lithium-ion batteries with high voltage, capacity, rate capability and good safety have become 
great demand in the rapid development of autonomous wireless devices that are widely used in 
smart building control, smart medicine and other ambient technologies. [1] 
However, current lithium-ion rechargeable batteries are usually based on a liquid electrolyte, 
which may cause possible fluid leakage and increase the risk of fire and explosions. The solvents 
of liquid electrolytes are also usually involved in the degradation mechanisms of lithium-ion 
batteries, resulting in a reduction in cycle-life performance.[1] Besides, the design and size of 
these batteries are largely restricted due to the need of available separators and liquid 
electrolytes. Therefore all-solid-state batteries, which uses a solid electrolyte instead of an 
organic liquid electrolyte, is regarded as a next-generation power source.[2] 
At present, the capacity of the lithium-ion battery is limited by the positive electrode, which can 
store only about 150mAh g-1  of charge compared with about 300mAh g-1  of the graphite 
anode. Different from this traditional intercalation chemistry, Li-air batteries are based on the 
reaction of 2Li +O2 = Li2O2 (E
o=2.96eV) or Li+1/2O2+H2O=1/2LiOH (E
o=3.44eV) (alkaline 
solution) for non-aqueous and aqueous electrolytes respectively. In Li-air batteries, the porous 
catalytic electrode (or catalytic air electrode) can reduce O2 from air to deliver increased 
capacity. The O2 in air, which is inexhaustible, can continuously provide capacity and hence the 
theoretical specific energy can be expected to around 3600Wh kg-1, 5~10 times greater than 
those of the present batteries. Therefore, Li-air batteries are appealing for the automotive 
applications. [3] 
For both all solid-state batteries and Li-air batteries, solid electrolyte material is considered to be 
one of the most important components. As the function of a separator in conventional battery, a 
solid-state electrolyte layer is deposited between two electrode layers to facilitate Li ions 
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transportation. Therefore high ionic conductivity, negligibly low electronic conductivity and 
good chemical stability against lithium metal and cathode materials are the critical 
considerations for solid electrolytes.[2] For hybrid Li-air batteries, the liquid electrolytes are 
separated into two compartments, one of which holds organic electrolyte together with Li metal 
and another one aqueous one with positive catalyst. Two of them are separated by a piece of 
solid electrolyte. Therefore the solid electrolyte must be chemically stable with the liquid 
electrolytes as well. Li ions transport from Li metal through organic electrolyte, then solid 
electrolyte and finally aqueous one. Therefore the resistivity against Li ions transportation is the 
sum of three resistances. In addition to the essential requirement of high ionic conductivity, 
negligible electronic conductivity, and high elastic modulus to prevent Li dendrite initiation are 
also crucial.[4] 
In past decades, a lot of efforts have been devoted to searching for new materials as solid 
electrolyte. In 1970s, lithium nitride (Li3N) was discovered with a high ionic conductivity of 6
ｘ10-3 S cm-1 at room temperature.[5] But its electrochemical decomposition potential is low, 
preventing it be applied practically. Later on perovskite-type Li0.5La0.5TiO3[6], NASICON-type 
Li1.3Al0.3Ti1.7(PO4)3[7] and thio-LISICON-type Li3.25Ge0.25P0.75S4[8] in crystalline materials, 
Li7P3S11[9] in glassy materials and Li2S-SiS2-Li3PO4[10] in glass ceramic attracts lots of 
attentions with their ionic conductivities in the order of 10-3 S cm-1 ~10-4 S cm-1, lower than 
lithium nitride, and some of them are not stable against Li metal. Another type of solid 
electrolyte is polymer-based electrolytes which are usually composed of a Li salt and 
high-molecular-weight polymer, polyethylene oxide (PEO)[11], polyethylene glycol (PEG)[12] 
and so on. These materials have even lower conductivities around 10-5 S cm-1. In 2011, a Li 
superionic conductor Li10GeP2S12 was discovered with a conductivity of 1.2ｘ10
-2 S cm-1.[13] 
Since there exists sulphur in the compound, the whole preparation process should be conducted 
in sealed, argon-filled boxes, which brings lots of problems in practical production. Therefore, a 
better solid electrolyte material with higher ionic conductivity and more stable chemical 
3 
 
property is in urgent demand to meet the application requirements of novel energy storage 
devices, all solid-state batteries and Li-air batteries. 
1.2 The Scope of Thesis 
The objective of the present research is to investigate suitable solid Li-ionic conductor 
materials with NASICON-type structure for next wave of energy storage devices. 
Li1.5Al0.5Ge1.5(PO4)3 (LAGP) is synthesized by different methods, such as melting quench, and 
different solidification methodologies. The composition, crystal structure, microstructure, 
density and electrical properties are investigated for these synthesis methods. In addition, the 
application of LAGP in Li-air battery is explored by fabricating LAGP membrane. 
1.3 Organization of Thesis 
The thesis is organized as follows: 
Chapter 1 concentrates on the introduction to the background, the research motivation, and the 
scope of this study.  
Chapter 2 reviews the fundamental of next wave of energy storage devices and current solid 
Li-ionic conductors in different categories: their crystal structure, the mechanism of Li-ion 
transportation, problems and recent development.  
Chapter 3 introduces the experimental approaches which are employed in this research.  
Chapter 4 systematically investigates Li1.5Al0.5Ge1.5(PO4)3 glass-ceramic synthesized by 
melting-quench method. 
Chapter 5 focuses on the LAGP prepared by melting-quench and hot pressing method. 
Chapter 6 presents the preparation and characterization of LAGP ceramics synthesized by 
sol-gel method assisted by hot pressing. 
Chapter 7 studies the LAGP membrane fabricated by tape casting method. 
Chapter 8 concludes the main findings in this study and recommends the future work.
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Chapter 2 Literature Review 
Solid Li-ionic conductors are usually divided into organic polymer-based and inorganic-based 
ones. Inorganic Li-ionic conductor may be classified into non-oxide and oxide in terms of 
materials and glassy or crystalline in terms of material structure.  
2.1 Crystalline inorganic Li-ionic conductors 
2.1.1 NASICON-type Li-ionic conductors 
In 1976, Good enough and Hong were first to report a fast Na+-ion transport in skeleton structure 
of the system Na1+xZr2P3-xSixO12, which was named NASICON (sodium superionic conductor) 
as we know.[14, 15] A class of solid Li-ionic conductor related to the compound LiZr2(PO4)3 of 
this structure was then discovered with a high ionic conductivity by Taylor in 1977.[16] 
Afterwards, the Li analogues LiA2
Ⅳ
(PO4)3 (A=Ti, Ge, Zr, Hf, Sn) based on NASICON structure 
have been intensively studied throughout series of compositions.[17-21] NASICON structure is 
mainly constructed by a covalent skeleton [A2P3O12]
- constituted of AO6 octahedra and PO4 
tetrahedra, in which each AO6 octahedra shares its six corner with tetrahedra, and each 
tetrahedral shares its four corners with octahedral. This skeleton forms a 3D interconnected 
channel and two types of interstitial positions (M1 and M2) (as shown in Figure 2.1(b)) where 
conductor cations are distributed: closed-packed-hexagonal M2 layers in the basal plane 
connected by one-third as many as M1 sites between M2 layers. Thus the interstitial space is 
connected and the anion bottleneck between M1 and M2 positions consists of a puckered 
hexagonal ring having its six sides alternatively tetrahedral-site and octahedral-site edges of the 
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skeleton.[14] Reserving two lines of atoms inside the unit cell in Figure 2.1(a), Figure 2.1(b) and 
(c) can be obtained. As illustrated in Figure 2.1(c), the cations move from one site to another 
through bottlenecks following the path depicted by a series of arrows:        
     
        
     
        
     
             
     
        
     
             
     
         
     
         
     
         . ((ABC), 
(ACD)…(FIJ) are bottleneck planes of the tunnel. ABCD, ACDE…IGFJ are the polyhedral 
sites for mobile cations.)[22] The size of the bottlenecks depends on the nature of skeleton ions 
and the carrier concentration in both types of sites. Thus, the electrical properties of 
NASICON-type compounds strongly depend on the composition of the framework and thermal 
treatment. 
 
Figure 2.1 (a) Unit cell of NASICON-type LiA2
Ⅳ
(PO4)3 , (b) two types of interstitial positions 
for lithium- ion distributed (M1 and M2), (c) the 3D channel for lithium ion transportation in 





Among the NASICON type series, LiTi2(PO4)3, LiGe2(PO4)3, LiZr2(PO4)3 and LiM2(PO4)3 (M= 
Sn, Hf), has been studied systematically. The LiTi2(PO4)3 system is the mostly studied system 
because the tunnel size formed by the Ti4+ cations with a cell volume of 1310Å is the best fit for 
the Li ions transportation.[21] LiTi2(PO4)3 was first to be prepared by Li S. C. et al. in 1983. 
They synthesized LiTi2(PO4)3 with a rhombohedral structure by solid-state method and studied 
the substitution of Ti by In. it was proved that the structure of LiTi2(PO4)3 could be modified and 
a higher conductivity was obtained in the composition of Li1.4Ti1.6In0.4(PO4)3.[23] Aono et al. 
have further studied the effect of doping in LiTi2(PO4)3. The dopants of Al
3+, Cr3+, Ga3+, Fe3+, 
Sc3+, In3+, Lu3+, Y3+, and La3+ have been used to partially replace Ti4+. The maximum 
conductivity was 7ｘ10-4 S cm-1 for Li1.3M0.3Ti1.7(PO4)3 (M=Al or Sc) and they attributed the 
enhancement in conductivity to the densification of the sintered pellets.[24, 25] They also 
investigated the influence of addition of lithium salts Li3BO3, Li3PO4, LiNO3, LiCl and Li2SO4. 
The lithium salts work as a binder and increase the pellets’ conductivity effectively.[26, 27] The 
dopants of Al3+, Cr3+ Fe3+, Ca2+ were further studied using neutral diffraction and Mössbauer 
spectroscopy. The influences of trivalent and divalent dopants on Li distribution and unit cell 
parameters were confirmed.[28, 29] Among the dopants, Al3+ is regarded as the most effective. 
Amounts of synthesis methods have been explored for Li1+xAlxTi2-x(PO4)3. In 1997, Fu, J. 
prepared Li1+xAlxTi2-x(PO4)3 glass ceramic by melting-quench method and the maximum 
conductivity was improved by two times compared with conventional synthesis method with a 
value of 1.3ｘ10-3 S cm-1.[30] Within melting–quench process, thermal behaviour, crystalline 
kinetics and the influence of crystalline content on ionic conductivity have been extensively 
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investigated.[31-33] Beside, Li1+xAlxTi2-x(PO4)3 glass-ceramic was also reported to be prepared 
by citrate process[34], co-precipitation method[35, 36], mechanochemical method[37], solution 
chemistry assisted with spark plasma sintering (SPS)[38] and sol-gel method[39, 40]. The 
conductivity varies from 10-3 to 10-4 S cm-1. LiTi2(PO4)3 matrix has a shortcoming that Ti
4+ is 
easy to be reduced to Ti3+ as a compensation of lithium insertion potential, which would result in 
a large electronic conductivity and prevent its application with most anode materials. Therefore, 
other systems such as LiZr2(PO4)3 and LiGe2(PO4)3 with better electrochemical stability have 
been intensely studied recently.  
LiZr2(PO4)3 system 
LiZr2(PO4)3 conducts a complex phase behaviour during heat treatment. The compound turns 
out to be triclinic C-1(or monoclinic) at room temperature. Subramanian et al. studied the 
conductivity of LiZr2(PO4)3 and LiTi2(PO4)3 solid solutions. The conductivity of triclinic phase 
LiZr2(PO4)3 was quite poor with a value of 10
-9 S cm-1.[17] Chowdari et al. have doped Nb in 
LiZr2(PO4)3, resulting in a polarizability of the substituting ion and a optimization of 
conductivity.[18] Arbi et al. investigated the phase structure of LiZr2(PO4)3 at different 
temperature by neutral diffraction and proved a first order transition from the triclinic C-1 to the 
rhombohedral R-3c form at about 37°C during both the heating and cooling process.[41] To 
stabilize the rhombohedral phase of LiZr2(PO4)3 at room temperature, La, Ca and Y were doped 
in the matrix. For 0.6 ≤ x ≤ 0.9, the compound Li1-xLax/3Zr2(PO4)3 crystallized in a rhombeheral 
cell after being heated at 1100°C for 6h.[42] Xie, H. et al. reported a stabilizing way of 
substitution of 5% of Zr by Ca in LiZr2(PO4)3. A ionic conductivity of 1.2 x 10
-4 S cm-1 was 
achieved for its room-temperature rhombohedral structure.[43] Recently, NASICON-structured 
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Li1+xYxZr2-x(PO4)3 (0.1 ≤ x ≤ 0.2) has been prepared by Li, Y. et al. through a conventional 
solid-state reaction. The bulk and total Li+ conductivities of Li1.15Y0.15Zr1.85(PO4)3 sintered by 
SPS are 1.4 × 10-4 and 0.71 × 10-4 S cm-1 at 25°C, respectively.[44] 
LiGe2(PO4)3 system 
A good host compound LiGe2(PO4)3 was found in 1988 by Li, S. C. et al.[45] 
Li1+xMxGe2-x(PO4)3, M=Al
3+, Cr3+, Ga3+, Fe3+, Sc3+, and In3+ system were investigated by Aono. 
With the consideration of closer ionic radius, only Al3+ and Cr3+ could substitute the Ge4+ site 
easily and enhance the ionic conductivity. Li1.5Al0.5Ge1.5(PO4)3 (LAGP) was proved as the 
optimal composition of a conductivity of 2.4ｘ10-4 S cm-1 at room temperature. A decrease in 
the porosity and a lowering of the activation energy in the grain boundary are the main reason for 
the enhancement in ionic conductivity.[19] Y2O3, Li2O and MgO were added to refine the 
conductivity by acceleration of the sintering process.[46, 47] The glass ceramic were prepared in 
the system Li2O-Al2O3-GeO2-P2O5 by Fu. J and a high conductivity over 10
-4 S cm-1 was 
obtained in a wide composition range.[48] Xu, X. et al. added excess Li2O in LAGP 
glass-ceramic to act as a secondary phase as well as nucleating agent to promote the 
crystallization of as-prepared glass.[49] Thockchom, J. revealed that it is the impurity phase 
AlPO4 and Li2O cause the nonlinearity in the Arrhenius plots and proposed to shift the 
temperature of inflection towards the higher temperature by doping Ba0.6Sr0.4TiO3 as a dielectric 
phase or controlling the crystallization parameters to adjust the ratio of impurity phases.[50-52] 
He, K. investigated the crystallization mechanism and various Al2O3 contents. A volume 
crystallization of Li1+xAlxGe2-x(PO4)3 (x=0~0.7) was illustrated and the highest conductivity was 
obtained for x=0.5.[53] Jadhav et al reported the crystallization temperature of LAGP could be 
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decreased by the addition of B2O3.[54] Kubanska et al. has used a grind process to improve the 
crystallization process of the glass and SPS technique to obtain high compacted pellets.[55] 
Zhang, M. synthesized Li1+xAlxGe2-x(PO4)3 by a sol-gel method using citric acid and ethylene 
glycol. A conductivity of 1.22ｘ10-3 S cm-1 was obtained for  Li1.4Al0.4Ge1.6(PO4)3.[56] 
Kotobuki reported another sol-gel method of LAGP based on iso-propanol and CH3COOH with 
a conductivity of 1.8ｘ10-4 S cm-1.[57] 
In other system, LiSn2(PO4)3 and LiHf2(PO4)3 crystallize in the triclinic lattice.[17, 18, 58] For 
Li1+xMxHf2-x(PO4)3 (M=Cr, Fe, Sc, In, Lu or Y) systems, the triclinic phase transformed to 
rhombohedral phase at above 900°C. And the maximum conductivity at 25°C was 1.7ｘ10-4 
S·cm-1 for the composition of Li1.2Fe0.2Hf1.8(PO4)3.[20] 
 


































Li1.6Mg0.3Ti1.7(PO4)3 solid-state reaction 2.8ｘ10
-6 0.44 [59] 













Mechanical milling 5.16ｘ10-4  0.28 [61] 
 















Sol-gel 6.13ｘ10-4 0.29 [63] 
 
SPS sintering 1.12ｘ10-3 0.25 [7] 
 













LiGe0.2Ti1.8(PO4)3-0.2Li2O solid-state reaction 8×10
-4 0.32 [21] 








Li0.1Zr1.1Nb0.9(PO4)3 solid-state reaction 
1.97 ｘ 10-3 
(200°C) 
0.41 [18] 
Li0.2Zr1.9Ca0.1(PO4)3 solid-state reaction 1.2ｘ10
-4 0.48 [43] 
Li1.15Y0.15Zr1.85(PO4)3 SPS sintering 7.1ｘ10
-5  0.39 [44] 
LiGe2(PO4)3 solid-state reaction 2ｘ10
-8 (60°C) 0.72 [47] 
LiGe2(PO4)3-0.5MgO-0.5Li2O solid-state reaction 
2.9 ｘ 10-7 
(60°C) 
0.41 [47] 
Li1.5Al0.5Ge1.5(PO4)3 solid-state reaction 3.5ｘ10
-5 0.33 [45] 
 




melting-quench 4ｘ10-4 0.36 [48] 
 
melting-quench 5.08ｘ10-3* 0.31 [50] 
 




1.33ｘ10-4 0.38 [55] 
 






-4 0.31 [49] 








Li1.3Cr0.3Ge1.7(PO4)3 solid-state reaction 
2.9 ｘ 10-5 
(35°C) 
0.37 [45] 
LiHf2(PO4)3 solid-state reaction 3.42ｘ10
-6  0.77 [18] 
Li1.3ln0.3Hf1.7(PO4)3 solid-state reaction 1ｘ10
-5 0.45 [17] 
Li1.2Fe0.2Hf1.8(PO4)3 solid-state reaction 1.7ｘ10
-4  0.42 [20] 
 
2.1.2 LISICON-type Li-ionic conductors 
Solid solution between two end members in types: (a) Li4XO4: X=Si, Ge, Ti and (b) Li3YO4: 
Y=P, As, V, Cr; Li2MXO4: M=Zn, Mg; Li2ZO4: Z=S, W, respectively, lead to γⅡ-Li3PO4 type 
phases, termed LISICONS (lithium super ionic conductor).[67] The first LISICON material 
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Li14ZnGe4O16 and related systems Li2+2xZn1-xGeO4 were reported by Bruce and West.[67, 68]. 
As shown in Figure 2.2, its crystal structure is in the Pnma orthorhombic space group, which is 
composed of a hexagonal close packing of oxygen with Ge in tetrahedral voids. Li and Zn ions 
occupy all other tetrahedral and octahedral voids except those having common faces with GeO4 
tetrahedras. The Li+ diffusion occurs through tetrahedral site and interstitial octahedral site 
pathway, implying that the Li+ distribution between tetrahedral site and interstitial octahedral 
site are the important factor in the material’s ionic conduction.[69] The main current carriers 
here is the additional Li+ cations, which is above three cations per formula unit and located in the 
interstitial sites of rigid lattice. Their concentrations is an important impact factor in the 
conductivity of the material.[70] In doped compounds, for instance γ-Li14.4V1.6Ge2.4O16, the ionic 
conductivity remains low with a value of about 10-6 S cm-1 at room temperature. Li14ZnGe4O16 is 
also highly reactive with lithium metal and atmospheric CO2. 
The thio-LISICON was discovered by Kanno and co-workers in 2000.[71] The sulphide ions are 
larger and more polarisable than oxide ions, which enhance the mobility of lithium ions. 
Amounts of works have been done in aliovalent substitutions to enhance its electrochemical 
properties. The parent compound Li4-2xZnxGeS4 has the highest conductivity at x=0.05, which is 
still low with a value of 3ｘ10-7 S cm-1 at room temperature.[71] In Li2S-Ga2S3-GeS2 system, 
Li4+x-δGe1-x+δGaxS4 presents 6ｘ10
-5 S cm-1 at x=0.25. In Li4-xGe(Si,P)1-yMyS4, where M is a 
trivalent or pentavalent cation, Li3.25Ge0.25P0.75S4 has the highest conductivity of 2.2ｘ10
-3 S cm-1 
at 25ºC, but the material is unstable in bulk form.[8] 
 
Figure 2.2 Crystal structure of LISICON-type Li3.5Zn0.25GeO4.[67] 
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2.1.3 Garnet-type Li-ionic conductors 
Novel garnet-type of Li electrolytes with general formula Li5La3M2O12 (M=Ta, Nb) were 
discovered by Thangadurai and Weppner.[72] The structure is in space group of I213, in which 
M5+ occupies the eight coordination sites and La3+ occupy the six coordination ones. (Figure 2.3) 
The MO6 octahedra are surrounded by six LiO6 octahedra and two vacant sites for lithium. There 
are two types of LiO6 octahedra, among which Li(Ⅰ)O6 is more distorted than Li(Ⅱ)O6. The 
vacancies are located between the adjacent MO6 octahedra along the three-fold-axis. The La
3+ 
ions can be substituted by low valence ions, such as Ba2+, Sr2+ and K+.[73, 74] Among them, 
Li6La2BaTaO12 exhibits the maximum lithium ionic conductivity of about 4ｘ10
-5 S cm-1  at 
room temperature.30 The Ta5+ and Nb5+ ions can be substituted by ions such as Ln3+ and the 
conductivity can reach 1.8 ｘ 10-4 S cm-1 at 50ºC for the composition of 
Li5.5La3Nb1.75In0.25O12.[74] Li6ALa2M2O12 (A=Ca, Sr, Ba) and Li5Ln3Sb2O12 (Ln=La, Pr, Nd, Sm, 
Eu) were investigated by Slater and co-workers. It shows higher activation energy for these 
materials at low temperature because of defect trapping.[75] The highest conductivity achieved 
so far is 4ｘ10-4 S cm-1 in Li7La3Zr2O12 (LLZO), which is obtained by replacing M totally by 
Zr.[76] LLZO possibly possesses two structures, cubic structure and tetragonal polymorph. The 
highest conductivity can be obtained from cubic-structured LLZO. However, cubic-structured 
LLZO is unstable at room temperature. To stabilize the cubic LLZO at room temperature, 
several ways have been studied such as long time sintering at a high temperature of 1200ºC or 
above, and cation substitution including Al, Ga, Y and Ta.[77-81] The doping of Al or Ta could 
also induce the formation of the stable cubic LLZO at 1000ºC or 1200 ºC, facilitating the 
preparation of high density ceramics at lower temperature.[81, 82] To further improve the 
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conductivity, sexavalence ions of Cr, Mo and W and alkaline earth ion of Ca2+ have been 
reported to substitute Zr4+ and La3+, respectively.[83, 84]  
 
 
Figure 2.3 Crystal structure of garnet-type Li5La3Nb2O12. [72] 
2.1.4 Perovskite Li-ionic conductors 
The general chemical formula for perovskite compound is ABO3, where A and B are two cations 
of different size and O is an anion that bonds to both. It can be visualized as being comprised of 
corner-sharing AO6 octahedra. Lithium lanthanum titanate (LLTO) La2/3-xLi3xTiO3 have the 
highest lithium ionic conductivity of 10-3 S cm-1  at room temperature among the perovskite 
materials. [85] It is obtained through substituting La3+ by three times the number of Li+. As 
shown in Figure 2.4, there exist large numbers of A-site (Li+, La3+) vacancies in the structure, 
beneficial for lithium ions migration which moves through square planar bottleneck between A 
sites formed by four O2- ions between two neighbouring A sites. Although LLTO exhibits a high 
conductivity, it is not stable as T4+ may be reduced if it directly contacts with lithium metal. 
Therefore, some Ti-free compositions were investigated such as Li2xSr1-2xM0.5-xTa0.5+xO3 (M=Cr, 
Fe, Co, Al, Ga, In, Y) with bulk conductivities up to 10-4 S cm-1 at room temperature[86] and 
La1/3-xLi3xNbO3 with that of 4.3ｘ10
-5 S cm-1.[87] 
 
Figure 2.4 Crystal structure of perovskite-type La2/3-xLi3xTiO3. [85] 
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2.2 Amorphous inorganic Li-ionic conductors 
2.2.1 Li-ionic conductor oxide and sulphide glasses 
There are only a few reports on oxide glasses in recent years, probably due to their poor 
conductivity at room temperature. The advantages of the lithium oxide glasses over sulphide 
glass are that they are less hygroscopic, and more chemically stable in air. Typical materials of 
interest are phosphates, such as Li-P-O[88], amorphous borates (xLi2O-B2O3)[89] or silicates 
(Li2O-V2O5-SiO2)[90].The ionic conductivity ranges from 10
-5 S cm-1  to 10-7 S cm-1, and 
further improvements can be achieved by substitutions, for example of P5+ with Si4+ in 
phosphates[88, 91] and of O2- with N[91]. 
To enhance the lithium ion conductivity, it was discovered that replacing oxygen matrix with 
sulphide matrix is an effective method. Because the lithium bonding with the non-bridging 
sulphur anions is weak, sulphur glasses usually have high conductivity ranges between 10-3~10-4 
S cm-1  and low activation energy. A typical composition is GeS2+Li2S+LiI glass-forming 
system. La2S3 was doped in this system to obtain better thermal and chemical stability. Their 
conductivity are around 10-3 S cm-1  at 25ºC and activation energy is about 0.4~0.5eV. However, 
this kind of glasses is highly reactive with air and highly corrosive with silica containers, making 
it difficult to handle and fabricated which must be conducted in glove boxes. Other systems such 
as Li2S-SiS2 glasses with P2S5 and LiI or with Li4SiO4 are also reported. 
2.2.2 Lithium phosphorus oxinitride (LiPON) system 
LiPON, firstly introduced by Bates et al [92], can be considered as a Li ion defective γ-Li3PO4 
solid solution. Among the inorganic materials discovered during these years, glassy LiPON 
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represents the best choice to fabricate thin film electrolytes for lithium microbatteries. LiPON is 
based on a phosphate-derived structure, where nitrogen substitutes bridging oxygen of the –PO4 
groups in the glassy network. The existence of nitrogen atoms was proved to improve the 
phosphate chemical stability, the film hardness and the devitrification temperature.[93] The high 
ionic conductivity of amorphous LiPON is related to the N doping, which is due to the 
cross-linked NP3 structures. In the same principle, Si doping can also increase the Li ion 
mobility of Li2O-P2O5 glasses because the formation of cross-linked Si-O-P units.[92] The 
LiPON film is typically deposited by RF-sputtering from a purity Li3PO4 target in nitrogen 
plasma. Researches also attempted other methods such as pulser laser deposition, electron beam 
evaporation and ion beam processes. Among them, the sputtering processes offer the best 
compromise in terms of versatility, economic impact and film quality. The deposition condition, 
modulate microstructure and nitrogen concentration in film are important impact factors of 
electrochemical properties of LiPON film. The highest conductivity of 3.3 x10-6 S cm-1  at room 
temperature was obtain in Li2.9PO3.3N0.46 which is deposited by RF magnetron sputtering from a 
Li3PO4 target in N2/O2 reactive atmosphere.[94] 
2.3 Polymer Li-ionic conductors 
2.3.1 Solid Polymer Li-ionic conductors 
The most commonly used polymer electrolytes is poly(ethylene oxide) (PEO). It is effective in 
solvating lithium salts such as lithium perchlorate (LiClO4) and lithium bis(oxalato)borate 
(LiB(C2O4)2)(LiBOB), which offer the lithium-ion conduction.[95, 96] The good conductivity 
of PEO is because of the transportation of Li in the amorphous region, so that the conductivity of 
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PEO decreases with increasing degree of crystallization. The conductivity can be enhanced by 
adding plasticizer, such as succinonitrile(SN)[97], polysquarate (PPS)[98] or ethylene carbonate 
(EC)/propylene carbonate (PC)[99], to reduce crystallization of the polymer electrolyte. 
Another method is to add ionic liquid, such as 1-ethyl-3-methylimidazolium (EMI)[100], which 
can weaken the interaction between the lithium ions and polymer chains to increase lithium-ion 
mobility. The interaction with lithium ions can also be influenced by forming a copolymer. For 
instance, it can increase the conductivity of PEO to add poly(acrylic acid) (PAA) and 
poly(methacrylicacid) (PMAA), And they can also increase the lithium-ion concentration by 
reducing the anions transportation. Inorganic fillers such as ceramic fillers (eg. SiO2, Al2O3 and 
TiO2)[101-103], layered materials (eg. montmorillonite)[104] and mesporous materials (eg. 
SBA-15 and MCM-41)[105-107] are also common to be used as additives in PEO because they 
can suppress crystallization of the polymer, enhance conduction at polymer-ceramic interface 
and improve the strength of the polymer electrolyte.[108] Among the inorganic fillers, SiO2 
nanoparticles have been intensively studied due to their specific surface chemistries.[109, 110] 
Nanoparticles can act as a cross-link center to prevent the reorganization of PEO chains, thus 
suppressing the material’s crystallization. Meanwhile, SiO2 nanoparticles contain surface 
hydroxyls that are acidic, which can have a Lewis acid-base interaction with the ether oxygens in 
PEO, creating additional Li+ conducting pathways at the ceramic-polymer interfacial region. For 
example, high surface area fumed silica modified with a PEO oligomer was reported by Wunder 
et al. to used as a filler in nanocomposite electrolytes, increasing the segmental mobility without 
sacrificing the dimensional stability of the electrolyte film.[111] Recently, Archer et al. has 
reported a electrolyte based on silica nanoparticles and lithium salts tethering organic 
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counteranions, which occupied a ionic conductivity of 1 ｘ 10-4 S cm-1  at room 
temperature.[112] Porous fillers are also promising as the additives in PEO electrolyte because 
except for the Lewis acid-base interaction taking place on both their outside and inside walls, 
they can effectively prevent the reorganization of PEO chains by facilitating the intercalation of 
PEO chains into their mesporous channels during the PEO preparation process.[105-107] In 
spite of PEO, alternative solid polymer electrolyte materials such as materials containing 
ethylene oxide or poly(ethylene glycol) (PEG), the conductivities of which are in the same range 
as those of PEO. 
2.3.2 Polymer-gel electrolytes 
One type of polymer electrolytes is to form a polymer gel impregnated with a lithium salt 
solution, which is called hybrid polymer electrolytes (HPE) or gel-electrolytes. The most 
commonly used gel-electrolyte is poly(vinylidene fluoride) (PVdF) with the additive of 
hexafluoropropylene (HFP) which can reduce the crystallinity of the polymer. To enhance the 
conductivity, ceramic particles such as BaTiO3[113] or TiO2[114] are added to improve the pore 
structure which can increase the absorption level of electrolyte solution, and to facilitate easy 
transport of ions by Lewis acid-base effect.[115] As for the pore structure, microporous 
structure is more superior than nanoporous structure because the micropores are more effective 
in encapsulating electrolyte solution and the decreased surface/volume ratio of microporous 
networks increase the number of effective charge carriers which may be hindered by “wall 
effects”.[116] Also crosslinked dipoxy polyethylene glycol (DIEPEG) are usually added as the 
modification of the polymer structure.[117] These electrolytes can have a high ionic 
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conductivity comparable to electrolytic salt solutions. But the drawbacks still exist that the 
organic solvents are possible to leak and there will be a solid electrolyte interphase (SEI).  
To solve these problems, room temperature ionic liquids (RTIL) are used to replace the 
traditional organic solvent-based electrolytes. Ionic liquids are neither volatile nor flammable, 
which can improve the safety of batteries. RTIL can also be incorporated in polymers or 
ceramics to form a solid electrolyte. The conductivities of the RTIL-based PVdF-HFP are 
similar to those with LiFP6 and a carbonate solvent. In an ionic liquid, the number of ionic 
carriers is an important issue because there are ions other than lithium can be mobile and carry 
charge. So plasticizers such as EC or ceramic particles are usually added to increase the transport 
number.[118, 119] Another polymer used in gel-electrolytes is poly(methylmethacrylate) 
(PMMA). Although the conductivity of PMMA is rather low, which is about 2.3 x10-7 S cm-1  at 
room temperature, it can be combined with PVdF to reduce the leakage of the electrolyte 
solution and used in methyl-grafted natural rubber (MG30) to obtain a high conductivity. 
Moreover, the copolymer of poly(acrylonitrile) (PAN) and PMMA has a conductivity 
comparable to that of PVdF-HFP and proved to be applied in a battery with LiCoO2 cathode and 
lithium anode to perform similarly to batteries with liquid electrolytes.[120] 
2.4 Application of Li-ionic conductors in next wave of energy storage 
devices 
2.4.1 All-solid-state battery 
All-solid-state battery is the same as all other kinds of lithium batteries in working mechanism. 
It is composed of two current collectors, two electrodes and an electrolyte between them. Using 
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the planar all-solid-state as an example (Figure 2.5), the whole battery is usually deposited on a 
solid substrate, which ranges from glasses, ceramics, metals to even polymers and papers. The 
function of substrate is to block harmful chemical elements for battery materials and interfaces. 
If the substrate is conductive for lithium or other elements, an additional barrier layer will be 
need. The layer on the first current collector layer is an active electrode, which should have a 
high volumetric charge density at a well-defined potential, and good ionic and electronic 
conductivity to ensure a high capacity. On the electrode layer, the solid-state electrolyte is 
deposited. The requirements for electrolyte material are a high ionic conductivity with a 
negligibly low electronic conductivity and good chemical stability against lithium metal and 
cathode materials. The battery’s self-discharge rate is decided by the number of electrons 
leaking through electrolyte layer per unit of time and by-passing through pinholes. Therefore 
this layer should be entirely closed and covers the entire interface between two electrodes. The 
next layer is the second electrode that should meet the requirements of the first electrode and 
also has sufficient large voltage window because the battery voltage is decided by the potential 
difference between the equilibrium potential of these two electrodes. On the top of the electrode 
it is the second current collector layer. The package structure is also important because it should 








Figure 2.5 Schematic representation of a planar all-solid-state battery.  
2.4.2 Li-air battery 
Li-air battery is to replace the conventional positive electrode with O2 in air. It is classified 
according to electrolyte into two types: aqueous and non aqueous Li-air batteries. The 
non-aqueous Li-air battery was firstly reported in a Li/organic electrolyte/air structure by 
Abraham and Jiang in 1996.[121] However, it has an evident drawback that the O2 from air 
cannot be continuously reduced to provide energy because the discharge product Li2O2 clogs the 
porous air electrode. The O2 and H2O may enter organic electrolyte from the surrounding air, 
resulting in passivation of the lithium. Besides, the transformation taking place between Li2O2 
deposits and O2 gas will cause significant volume change and destroy porous catalytic electrode 
gradually over time. Therefore, an aqueous structure is regarded as a more promising type in 
Li-air batteries. The most critical issue in aqueous Li-air battery is the protection of lithium 
  
Figure 2.6 Schematic representation of a hybrid lithium-air battery. 
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anode from moisture and CO2. So the structure in Figure 2.6 is often adopted in aqueous system: 
a water stable lithium conducting solid glass electrolyte layer is adopted to separate the aqueous 
electrolyte from lithium anode and a buffer layer is inserted between them to prevent undesirable 
reaction. The buffer layer can be LIPON [122], Li3N [123], polymer electrolytes [123, 124], or 
an organic liquid electrolyte which leads to the so called hybrid Li-air battery.[125, 126] The 
electrodes’ reactions in hybrid Li-air battery on discharge can be summarized as : 
Cathode: O2+2H2O+4e
-=4OH-                     (2.1) 
Anode: Li=Li+e-                                               (2.2) 
Overall reaction: 4Li+O2+2H2O=4Li
++4OH-                (2.3) 
During the discharge process, O2 from the air continuously diffuses into the porous catalytic 
electrode, where the electrocatalytic reduction takes places according to equation (2.1). At the 
same time, lithium metal transforms into Li+, and diffuses from a non aqueous solution into an 
aqueous solution through the solid electrolyte film. The water-stable solid electrolyte plays the 
role of a Li-ion exchange film, across which only Li-ions can pass. During the charge process, 
O2 evolution takes place via porous electrode and Li-ions diffuse from the aqueous electrolyte to 









Chapter 3 Experimental Approach 
3.1 Selection of material 
The highest conductivity of NASICON-type materials has been found in compounds containing 
Ti4+. The conductivity of Li1.5Al0.3Ti1.7(PO4)3 can be up to 10
-3 S cm-1  at room temperature. 
However, these compounds have an intrinsic drawback where Ti4+ is easy to be reduced to Ti3+ 
by typical anode materials in batteries such as lithium metal and even lithiated graphite. A lots of 
efforts have been done to synthesize Ti-free analogues of NASICON-type structure. 
Li1.5Al0.5Ge1.5(PO4)3 is one of the most promising candidates among them. It was reported that 
Li1.5Al0.5Ge1.5(PO4)3 has an high conductivity of about 10
-3 S cm-1  and good electrochemical 
stability (0~5.5V vs. Li).[48] But systematic study of the preparation, ion transport mechanism 
and application related to LAGP is not much. Therefore, in this thesis, different synthesis 
methods of LAGP are investigated, the influences of processing parameters on its ionic 
conductivity are discussed and its applications in next wave of Li-ion batteries are explored. 
3.2 Characterization 
3.2.1 Thermal analysis of the materials 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed 
on the as-melt-quenched glasses using a NETZSCH instrument model STA 409C/CD. The 
thermal mechanical analysis (TMA) were carried out using a Shimadzu DTG-60H differential 
thermal gravimetric analyzer and a LINSEIS TMA PT1000 thermomechanical analyzer.  
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3.2.2 Characterization of crystal structure 
The structures of the as-sintered sheets were determined using an X-ray diffractometer (XRD) 
on a Shimazu XRD-6000/7000 with a Cu Kα radiation and Bragg-Brentano geometry. The 
continuous-scan data were recorded from Shimazu XRD-6000 in an angle interval 10˚-80˚ (2θ) 
with a step of 0.02˚ and a scanning speed of 2˚/min. The high quality data for Rietveld 
refinements were recorded from Shimazu XRD-6000 in an angle interval 10˚-110˚ with a step of 
0.02˚ and a counting time of 10 s per step. Rietveld refinements were carried out using the GSAS 
program with the EXPGUI interface [128, 129]. The refined instrumental and structural 
parameters were: scale factor, background parameters, zero-shift, unit cell parameters, atomic 
fractional coordinates, atomic occupancies, atomic isotropic displacement parameters and 
profile parameters. The site occupancies were constrained to the designed chemical formulas. 
The site occupancy of oxygen atoms was fixed to be 1. 
3.2.3 Element analysis 
The inductively coupled plasma optical emission spectrometer (ICP-OES, Optima 5300DV) 
was used to analyze the concentration of lithium, aluminium, germanium, phosphorus of the 
prepared sample. The sample was digested with HF and top up to 10ml with H2O. Precipitate 
was observed prior to analysis. The element quantitation analyses of carbon, , hydrogen and 
nitrogen were conducted by Elementar vario MICRO cube. 
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3.2.4 Particle morphology observation 
The morphologies and microstructures of the samples were examined by a field emission 
scanning electron microscopy (FESEM) on a FESEM Hitachi S-4300 operating at 15 kV. The 
samples were gold sputtered to eliminate any charge effect. 
3.2.5 Density measurement 
The bulk density of the samples was measured using the Archimedes method. Deionized water 
was used as the immersion medium. 
3.2.6 Nuclear magnetic resonance (NMR) 
7Li, 27Al and 31P MAS NMR spectra were recorded at room temperature using Bruker DRX400 
spectrometer with a 4mm CPMAS probe. Samples were spun at 8 KHz during signal collection. 
The frequencies used for 7Li, 27Al and 31P were 155.5 MHz, 104.3 MHz and 162.0 MHz. The 
spectra were given relative to 1M LiCl at 0 ppm, 1M Al(NO3)3 at 0 ppm, and 85% H3PO4 
aqueous solutions at 0 ppm.  
3.2.7 AC impedance measurement 
An approximately 0.5μm thick gold coating was sputtered on both sides of the glass-ceramic 
specimens using A JEOL JFC-1200 fine coater. The specimens were subsequently placed in a 
stable fixture holder with Cu electrodes attached electrical wires leading to the impedance 
spectrometer. The impedance measurement on the cell was carried out using a Solartron 
analytical 1400 cell test system in the 0.1-10MHz frequency range, and Zplot software was used 
for data acquisition and processing. The AC impedance of the electrolyte was measured from the 
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room temperature to 250°C with 50°C interval. At each temperature, the specimen was 
equilibrated for 1 h prior the impedance measurement. The impedance spectra of the crystallize 
LAGP samples only show one semicircle and a spike when the samples were measured below 
50°C. When temperature was higher than 50°C, only an inclined capacitive tail could be 
observed. The diameter of semicircle was fitted using Zview software to obtain resistances. To 
calculate conductivity, a scheme derived earlier [130, 131] were adopted: 
  
 
   
                                 (3.1) 
where R is the sample’s resistance, H is the sample’s thickness and S is the sample’s surface 
area. In addition, the resistances were normalized with respect to the thickness and 
cross-sectional area of each specimen to compute the total conductivity. 
As shown in Fig. 3.1(a), a typical Nyquist curve can be divided into a high frequency region (a 
semicircle) and a low frequency region (a spike) [132, 133]. The spike may be attributed to the 
diffusion of Li+ ion into the bulk of the electrode material, which is called Warburg diffusion. At 
high frequency region, diffusion effects are confined to the immediate neighbourhood of 
electrode and are intensive. However, at low frequency region, diffusion occurs throughout the 
material between electrodes, and the response becomes extensive as the frequency decreases. 
The effective diffusion length ld, proportional to (ω)
-0.5, also becomes comparable to the size of 
the cell. Such response is known as Warburg behaviour.[131] In our case, gold is sputtered on 
both sides of solid electrolyte pellets as electrode and it is completely blocking. So Warburg 
diffusion belongs to open circuit diffusion and Warburg element can be interpreted as Warburg 
Open (WO), that is the impedance of finite-length diffusion with reflective boundary. 
Impedance of WO is given by the formula: 
26 
 
       
   
  
                                    (3.2) 
Where WOr and WOc are two parameters of this element. WOr is equal to Warbug coefficient, 
WOc is equal to d/D
0.5, d is the Nernst diffusion layer thickness, D is the diffusion coefficient 
of mobile ions. [134] 
As for the high frequency region of Nyquist curve, the intercept impedance on the    axis 
represents the ohmic resistance of the cell system mainly related to the electrolyte. The 
semicircle represents the migration of Li+ ion at the electrode/electrolyte interface. This curve 
can be fitted using an equivalent circuit given in Fig. 3.1(b). The circuit is comprised of a series 
resistance, Rs, a charge-transfer resistance, Rct, a constant phase element (CPE) and a Warburg 
impedance (W). Rs indicates the ohmic resistance of the cell. Rct is the electron transfer 
resistance at the active interface (grain boundary for solid electrolyte ceramics). CPE reflects the 
interfacial capacitance. W is described as Warburg impedance caused by a finite diffusion of Li+ 
ion in the electrolyte. 
 
Figure 3.1 (a) A typical Nyquist curve of the EIS result and (b) equivalent circuit used to fit the 
EIS. 
According to the equivalent circuit,  
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In low frequency, When ω→0, we can obtain that 
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                             (3.5) 
      
                                    (3.6) 
Based on Eq. (3.5) and Eq. (3.6), 
                 
                         (3.7) 
Therefore, the    -    is linear with a slope of 1 for ideal ionic conductor at low frequency. 
The linear relationship of     and     is the characteristic of Warburg diffusion. With the 
increase of frequency, charge-transfer resistance Rct and electrical double-layer capacitor 
become important components and     will deviate from the Eq. (3.7). 
In high frequency, Warburg resistance is neglectful compared with Rct, 
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Eliminating ω, we can obtain 
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The graph is a semi-circle with radius of 
   
 
. As in the high frequency range     is close to 0, 
all the current is contributed by charge current and the resistance is ohmic resistance   . 
3.2.8 Cyclic voltammetry 
One of the requirements of electrolyte materials is electrochemical stability, which means that 
there must be no redox reaction between electrode and electrolyte material in the working 
voltage range. Electrochemical stability measurements, namely cyclic voltammetry were carried 
out using a Solartron analytical 1400 Cell Test system. The electrolyte sheets or pellets were 
constructed in a cell as Li/electrolyte/Au. Our measurement conditions were a scanning range 
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between 0~7V with a reference electrode of lithium metal and at a scanning rate 5mV/sec at 


















Chapter 4 Li1.5Al0.5Ge1.5(PO4)3 Glass-ceramic Synthesized by 
Melting Quench Method 
4.1 Introduction 
Glass ceramics are proven to have low grain boundary resistance and hence high bulk 
conductivity due to their dense microstructures compared with sintered polycrystalline 
material.[48] To obtain glass ceramics, glass green sheets should be made firstly by fast cooling, 
very often called melting quench, followed by crystallization into glass ceramics through 
annealing process. Dependent on crystallization parameters in annealing process, a high room 
temperature total ionic conductivity of LAGP can be obtained in the range of 10-3~10-4 S cm-1. 
[51, 52, 135] In melting quench method, the crystallization is the most important process 
because during this procedure, the transformation from an amorphous phase to a crystalline 
takes place as well as the grain growth which decide the microstructure of the final 
glass-ceramics. Many studies have investigated the influence of crystallization parameters on 
ion transport properties of this kind of material. [52, 135] However, the systematic study of 
mechanism of ion transport is scarcely studied. Therefore, in this section, the influence of 
crystallization parameters on crystal structure, chemical bonding, microstructure and 




4.2.1 Solid-state method 
Stoichiometric amounts of lithium carbonate (Li2CO3, Aldrich, particle size < 10μm), alumina 
(Al2O3, Aldrich, particle size < 10μm), germanium oxide (GeO2, Aldrich, particle size < 10μm), 
ammonium dihydrogen phosphate (NH4H2PO4, Aldrich, particle size < 10μm) were mixed with 
ethyl alcohol by Maxstech ball milling using ZrO2 balls at a low speed of 40 rpm. Then they are 
transferred to an electric furnace and heated at 700°C for 2h to decompose the metal salts and 
subsequently 950°C for 2h to obtain NASICON phase. The powders are then pressed into pellets 
with diameter of 10mm and height of 1mm. The pellets are annealed at 950°C for 10h. 
4.2.2 Melt quenching method 
A 20 gram batch of stoichiometric composition was prepared using Li2CO3, Al2O3, GeO2, 
NH4H2PO4. 5% excess Li2CO3 was added to compensate possible Li
+ vaporisation in following 
heating process. The chemicals were weighed, mixed and milled with ethyl alcohol in plastic jar 
using ZrO2 balls by Maxstech ball milling machine in a low speed of 40 rpm for 24h. The milled 
powder was transferred to an electric furnace and heated up to 380°C in an alumina crucible for 
2h in order to decompose ammonia, carbon dioxide and water vapor out of the precursors. Then 
the powder was grinded again using an agate mortar and pestle. The grinded powder was placed 
in a platinum crucible and melted at 1350°C for 2h. The melt was poured onto a stainless steel 
plate that was preheated to 500°C. After solidification the cast glass sheets were annealed at 
500°C for 2h to release the thermal stresses and then cooled down to room temperature. The 
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pre-annealed glass sheets were finally respectively crystallized at 750, 775, 800, 825, 850°C, 
respectively, for 8h. The heating rate was controlled at 3°C/min. 
4.3 Comparison of two synthesis methods  
Figure 4.1 shows the XRD patterns for specimens synthesized by melting quench method and 
solid-state method. The diffraction peaks corresponding to LiGe2(PO4)3, Li3PO4 and AlPO4 are 
observed for both specimens. LiGe2(PO4)3 with rhombohedral structure is the dominant phase in 
the pattern, which matches exactly with the spectrum in the data base (PDF card #80-1924). In 
spite of the extensive substitution of Al at the Ge site, the diffraction patterns match closely, 





Earlier work showed that LAGP tends to decompose according to Eq.(4.1) or Eq.(4.2): 
Li1+xAlxGe2-x(PO4)3→Li1+x-0.5yAlxGe2-x(PO4-y)3+yLi2O               (4.1) 
The differences of phase structure between samples prepared by two methods are obvious. The 
overall peak intensity of melting-quench sample is stronger than that of solid-state sample, 
indicating a better crystallinity in melting quench process. However, in melting-quench samples, 
the intensities of AlPO4 phase peaks are also much larger than those of specimen synthesized by 
solid-state method. This can be due to the decomposition of LAGP as follows: 
Li1+xAlxGe2-x(PO4)3→Li1+xAlx-yGe2-x(PO4)3-y+yAlPO4              (4.2) 
Li1+xAlxGe2-x(PO4)3 phase is sensitive to the thermal treatment parameters according to previous 
studies. Therefore, under higher processing temperature in melting quench method, the degree 
of the decomposition reaction would be larger and more impurities are generated. In solid-state 
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method, as the mixing of starting material may not be enough under low speed ball milling, 
some other impurity phases such as Li3PO4 would exist because of uneven distribution of Li. 
The AlPO4 and Li3PO4 impurities are electrically insulating (dielectric) phases and are 
considered to be concentrated in the grain boundary region, which are expected to influence the 
ionic conductivity of electrolyte material. 
 
Figure 4.1 XRD plots of Li1.5Al0.5Ge1.5(PO4)3 synthesized by melting quench method and 
solid-state method. 
 
Figure 4.2 reveals morphologies of as-processed sample. It can be observed obviously that the 
solid state-processed samples possesses ununiform grains. The grains size distributes in a large 
range from 1μ m to 6μ m, leading to many spaces at grain boundaries. We have collected the 
grain size data of around 100 grains within the same zone of one SEM image and calculated 
their average number as the value of average grain size. So for solid state-processed sample, 
the average grain size is about 1.7μ m. In contrast, the samples synthesized by melting quench 
method appears much more uniform and close packed. The grains’ size is much smaller than that 
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of solid state method, around 200nm. Due to the small grain sizes, no large holds or voids can be 
observed between grains.  
 
Figure 4.2 SEM micrographs of LAGP specimens synthesized by (a) solid-state method (b) 
melting quench method 
 
Figure 4.3(a) shows the conductivity measurement results of Li1.5Al0.5Ge1.5(PO4)3 synthesized by 
both methods. The conductivity with simulated data of equivalent circuit for specimen 
synthesized by melting quench method is plotted in Figure 4.3(b). It can be observed that the 
plots are composed of a semicircle and a spike, which correspond to the contribution from the 
bulk/grain boundary and the electrode, indicating Li1.5Al0.5Ge1.5(PO4)3 is a pure ionic conductor.  
In the spectra, the pattern with significant curvature intersects the Z’ axis towards the high 
frequency side. This can be interpreted as bulk resistance, Rb. Subsequently, the semicircle 
represents the grain boundary resistance Rgb and capacitance. The linear Warburg element at low 
frequency is associated with diffusion process. The conductivity can be calculated by Eq. (3.1). 
Therefore, the total conductivity is 6.09ｘ10-5 S cm-1  and 4.49ｘ10-4 S cm-1, respectively for 
solid-state-processed and melting quench-processed samples. Obviously, melting quench 
method is much superior to solid-state method with improved conductivity by one magnitude. 





Figure 4.3 (a) Room temperature impedance spectra for Li1.5Al0.5Ge1.5(PO4)3  synthesized by 
melting quench method and solid-state method, and (b) enlarged impedence of LAGP glass- 
ceramic synthesized by melting quench method 
4.4 Discussion of different crystallization parameters 
In melting quench method, the heat treatment (crystallization temperature and duration) is 
important for the microstructure of specimens, which will have a large effect on electrochemical 
properties. Thus, different crystallization temperatures and duration are discussed here. 
4.4.1 Different crystallization temperature 
4.4.1.1 Thermal analysis and XRD 
Figure 4.4 shows a TGA/DSC spectrum of the as-cast glassy LAGP measured from room 
temperature to 700°C at a heating rate of 3°C /min. The TGA curve exhibits no weight change 
during the whole heating period, indicating that there is no evaporation and oxydation of the 
glassy specimen. A strong exothermic DSC peak, Tp, is observed at 605.4°C, which results from 
the crystallization of the amorphous structure. The glass transition temperature Tg and the onset 
crystallization temperature Tc are 523.8°C and 588.8ºC, respectively. The crystallization 
temperatures of the glassy precursor are decided as such from 200°C higher than Tc to 200°C 




Figure 4.4 TGA and DTA curves for amorphous LAGP powders 
 
XRD spectra of powders crystallized at different temperatures are shown in Figure 4.5. 
According to XRD spectra, the dominant phase for all the products is LiGe2(PO4)3 with 
rhombohedral structure (PDF card #80-1924). Very small amount of impurity phase Li2O can be 
observed from all the annealed samples. The amount of Li2O is slightly increased as the 
crystallization temperature increases, resulting from separation of phases and in a increasing Li 
loss in NASICON framework. The thermal decomposition of Li1+xAlxGe2-x(PO4)3 can be written 
according to Eq.(4.3): 




Figure 4.5 XRD plots of Li1.5Al0.5Ge1.5(PO4)3 synthesized under different crystallization 
temperature 750, 775, 800, 825, 850°C 
 
Table 4.1 Results of crystal structure analysis by Rietveld refinements in Li1.5Al0.5Ge1.5(PO4)3  
 
a (Å) c (Å) Volume (Å3) 
8.261(8) 20.65(5) 1220.97 
Atoms Position Site symmetry x y z 
Li 6b -3 0 0 0 
Ge 12c 3 0 0 0.143022 
P 18e 2 0.288312 0 0.25 
O1 36f 1 0.174567 -0.016307 0.189022 
O2 36f 1 0.185057 0.155679 0.084146 





Figure 4.6 Final observed, calculated, and error profiles with Rietveld refinements for 
Li1.5Al0.5Ge1.5(PO4)3 
Through the rietveld refinement of XRD of LAGP (Figure 4.6), the lattice parameter, atoms 
positions are obtained shown in Table 4.1. The results are close to the structure information 
calculated in other papers.[128] In the results, the distribution of Li atoms are not refined 
because of the limitation of XRD techniques. We can calculate the theoretical density of LAGP 
through the results which is 3.43 g cm-3. 
 
4.4.1.2 NMR 
Although XRD and thermal analysis explain general structure and crystallization, the detailed 
information on local structure of LAGP is limited. To investigate the aluminium, phosphorus, 
and lithium environments in detail for the LAGP samples crystallized at different temperature, a 
multinuclear MAS NMR study of corresponding powders was performed. 
The 7Li MAS NMR spectra as shown in Figure 4.7 (a) reveals only one central transition for all 
the LAGP powders crystallized at different temperatures, which represents Li ion at M1 site. 
Based on previous study, Li was assumed to distribute in three kinds of interstitial sites M1, M2 
and M2’, where M1 was expected fully occupied, M2 and M2’ was partially occupied. These 
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interstitial sites are in close proximity and construct a 3D channel for Li ion transportation 
(shown in Figure 3.1). However, the peaks of Li ion in other two sites lack in the present 
experiment. This occurs in other NASICON material too, which was proved as a result of 
coalescence of resonances of different Li sites into one site caused by high Li ion exchange 
between M2/M2’ sites and M1 site [39]. Since bulk ionic conductivity is mainly decided by Li 
ion mobility, the full width at half maximum (FWHM) of the central 7Li transition are examined 
as a function of crystallization temperature in Figure 4.7 (b). FWHM of the central 7Li transition 
is decided by two factors: the strength of the dipole-dipole interaction (most likely Li-P) and the 
Li ion mobility which can average these interactions [136]. The obvious decrease of FWHM 
from 750°C to 825°C indicates both a decrease in the strength of the dipole-dipole interaction 
and an increase in Li ion mobility.  
 
Figure 4.7 (a) 7Li MAS NMR of LAGP powders and (b) 7Li full width at half maximum 
(FWHM) central transition linewidth in LAGP powders for different crystallization 
temperature 
 
27Al MAS spectra for system Li1.5Al0.5Ge1.5(PO4)3 are shown in Figure 4.8. An obvious peak can 
be observed at -13 ppm. This is due to the octahedral Al environment, where the doped Al takes 
the place of Ge in LAGP framework, forming AlO6 octahedra. The small peak around 60 ppm is 
confirmed as the spinning sidebands. In previous solid state NMR studies[136-138], a peak in 
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the range of 40-60 ppm usually appears in 27Al NMR spectra of Li1.3Al0.3Ti1.7(PO4)3, which 
indicates the existence of secondary AlPO4 phase formed by expelling Al and phosphate from 
NASICON framework.[136] But in our study, Al only presents in an octahedral environment. 
Therefore, it can be concluded that LGP framework has a higher solubility of Al element than 
LTP. This would facilitate the Al doping in LGP because large portion of Ge4+ can be replaced 
by Al3+ without the generation of the impurity phase AlPO4. 
Figure 4.8 27Al MAS spectra of LAGP powders for different crystallization temperatures (* 
indicated spinning sidebands). 
 
The 31P MAS NMR spectra show the possibility of at least three closely associated sites with 
only slight differences in chemical shifts in the range of between -30ppm and -40ppm (Fig. 4.9). 
These resonances are due to the PO4
-3 environments in the NASICON framework of the LAGP 
powders. However, as the chemical shift of phosphorus is sensitive to the changes in structure, 
the partial substitution of Al for Ge which forms P-O-Al interactions gives rise to a distortion of 
the –O-P bond from a perfect tetrahedral angle.[139] Besides, since no other 31P resonances are 
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evident in the spectra, it can be assumed that the excess phosphorus may present as amorphous 
phase such as P2O5 and Li3PO4 at grain boundary region. 
The combination of 7Li, 27Al and 31P NMR data displays the influence of crystallization 
temperature on LAGP grains. MO6 octahedra and PO4 tetrahedra connectivity is fully 
established above a crystallization temperature of 750°C because no change was observed in 
27Al and 31P NMR spectra (The chemical shifts of sidebands in these spectra are due to different 
frequencies of different nuclei). As the crystallization temperature rises, the mobility of Li ion at 
interstitial sites increases as detected by Li NMR spectra. A possible reason for this change can 
be the crystallinity because at higher crystallization temperature, a better crystallinity can be 
achieved, which would strengthen the O-P networks and weaken the Li-O and Li-P interaction. 
The trend of crystallinity change was also confirmed in XRD spectra. Another possible impact 
factor, channel size of Li ion pathway, could be excluded in this case because no change in 
LAGP lattice parameters is observed in Rietveld refinement (shown in Table 4.2). However, Li 
loss in the structure might take place at higher crystallization temperature because of the 
formation of volatile Li2O. This is more evident for crystallization temperature of 850°C in 
which the integrated intensity of 7Li transition sharply decreases with an increased FWHM. 
Considering both Li concentration and Li mobility can be reflected in the FWHM data of Li 












a (Å)(±0.002) c (Å)(±0.002) V (Å3)(±0.4) 
750 8.263 20.654 1221.2 
775 8.262 20.654 1221.1 
800 8.262 20.656 1221.0 
825 8.262 20.653 1221.0 
850 8.262 20.639 1220.1 
 
 
Figure 4.9 31P MAS spectra of LAGP powders for different crystallization temperatures (* 
indicated spinning sidebands). 
 
4.4.1.3 Morphology 
The morphologies of the as-cast and annealed glasses are closely related to crystallization 
temperature. Figure 4.10(a) shows featureless morphology of the as-cast glass sheet indicating 
amorphous in nature. Crystallized grains are clearly seen from Figure 4.10(b) after annealing at 
750°C even though the edges of the grains are not very clear. Size of the grains obviously 
increases with increasing crystallization temperature (Figure 4.10(c)). Some irregular shaped 
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particles and rods exist in these samples as a result of incompletion of full growth. When 
crystallization temperature increases to 800°C or higher, the grains become distinct and well 
crystallized. The grains grow rapidly with the increase of crystallization temperature. The 
average grain size is about 200nm, 400nm and 600nm for 800°C, 825°C and 850°C, respectively. 
The lattice parameters of the crystallized pellets almost remain unchanged as tabulated in Table 
4.2 indicating no observable phase separation and/or dissociation within the temperature range 
when the pellets were crystallized. 
As a result of phase transformation, pores appear during the beginning process of heat treatment 
(the insert of Figure 4.10(b)). With increase in heating temperature, grains tend to gather 
together to decrease the specific area according to the kinetic. Therefore, the morphology turns 
out to be closely compact at 800°C (the insert of Figure 4.10(d)). When crystallization 
temperature increases further, pores appear again due to further gathering of gains. 
Figure 4.10 SEM micrographs of LAGP specimens crystallized at different cryustallization 
temperatures: (a) as-melt-quenched, (b) at 750°C, (c) at 775°C, (d) at 800°C,  (e) at 825°C, and 




4.4.1.4 Electrochemical property analysis 
The impedance spectra of all samples show only one semicircle beginning from 50KHz. The 
depressed semicircle implies mixed grain boundary and grain impedance. Using the fitted 
semicircle as shown in Figure 4.11 (a), the total conductivity can be obtained. Figure 4.11 (b) 
shows impedance spectra of the LAGP samples crystallized at different temperatures. Based on 
fitted semicircles variation, the ionic conductivities of the samples crystallized at different 
temperatures are plotted in Figure 4.11 (c) and also tabulated in Table 4.3. It can be seen that the 
values of all the samples are in the range of 10-4 Scm-1 and the highest conductivity at room 
temperature is 4.46ｘ10-4 S cm-1  for the sample crystallized at 800°C at which the pellet also 
shows most dense structure (Figure 4.11(d)). This value is comparable with recent reported 
works. Bulk conductivities vary little with different crystallization temperature while the main 
change is in grain boundary conductivity in which the highest value is about 2 times higher than 
that of the lowest one, indicating the large influence of crystallization temperature on the grain 
boundary property of the glass ceramics. 
Based on the temperature dependence of total conductivity, activation energy (  ) can be 
calculated from the Arrhenius equation: 
                  ,                                (4.4) 
where    is Boltzmann constant and   is the absolute temperature. The plots are obtained in 
the temperature range of 30°C~150°C and the total conductivities are linear, which suggests no 
structure or phase change in this temperature range. As a result as shown in Figure 11(d), the 
minimum    is 0.29eV for samples crystallized at 800°C, which is corresponding to the 
conductivity results. The activation energy ranges between 0.29 and 0.31eV, which 
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characterized the energy barrier associated with non-space-charge mediated transport of lithium 
ion through the crystalline structure of the LAGP.14 This observation can also be confirmed by 
the decrease in the strength of the dipole-dipole interaction between Li and P (Figure 4.10). 
 
Figure 4.11 Room-temperature impedance spectra of LAGP glass–ceramic specimens 
crystallized (a) at 800°C with simulated semicircle of equivalent electrical circuit, (b) at 750, 
775, 800, 825, and 850°C, (c) dependence of conductivity on crystallization temperature, and (d) 
arrhenius plot of LAGP glass–ceramic specimens crystallized at different temperatures. 
 
Table 4.3 Conductivity measured at room temperature and activation energy of the specimens 
crystallized at different temperatures 
 
Crystallization Parameter σb (S cm
-1) σgb (S cm
-1) σtotal (S cm
-1) Ea (eV) 
750°C,8h 4.96ｘ10-4 1.61ｘ10-3 3.79ｘ10-4 0.31 
775°C,8h 5.60ｘ10-4 1.26ｘ10-3 3.88ｘ10-4 0.31 
800°C,8h 5.27ｘ10-4 2.91ｘ10-3 4.46ｘ10-4 0.29 
825°C,8h 5.61ｘ10-4 2.15ｘ10-3 4.45ｘ10-4 0.30 
850°C,8h 5.05ｘ10-4 1.59ｘ10-3 3.83ｘ10-4 0.31 
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4.4.2 Influence of crystallization duration 
4.4.2.1 XRD analysis 
Based on the XRD plots as shown in Figure 4.12, there is no significant change in structure of 
samples crystallized at different duration. Especially in the peaks’ intensity ratio of AlPO4, 
Li3PO4 and LiGe2(PO4)3, it is almost same in these three samples. However, the peak intensity of 
samples crystallized for 8h is much higher than that of other two samples. This should be 
attributed to the deviation of our XRD results because the samples we used in this measurement 
are pellets, not powder. Based on our latter experiments in Chapter 5 and 6, the crystallinity is 
supposed to be better with the duration lasting longer. 
Figure 4.12 XRD plots of Li1.5Al0.5Ge1.5(PO4)3 crystallized at 800°C of different duration. 
 
 
4.4.2.2 Morphology and density analysis 
From the SEM photographs in 5K magnification, large crevices and holes can be observed for 
samples crystallized for 4h and 12h while for samples crystallized for 8h, the microstructure is 
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uniform and closed arranged. For samples with crystallization duration of 4h, this can be 
interpreted as the uncompleted growth of grains newly crystallized from amorphous phases 
because within the scope, the size of grains varies largely. Furthermore, the high magnification 
SEM image from Figure 4.13 (b) shows that there is no distinct boundary between some grains 
 
 
Figure 4.13 SEM micrographs of LAGP specimens crystallized at (a,b) 800°C, 4h (c,d)800°C,8h 





and even some dark phases exists in such areas which is supposed to be residual amorphous 
phase. For samples crystallized for 12h, distinct boundaries can be seen between grains, proving 
the crystalline is high in this sample. The average grain sized is obviously larger than other two 
samples and can be estimated up to 400nm. The large size of grains results in contraction of 
grain aggregations and lead to the large crevices between these aggregations eventually. 
4.4.2.3 Electrochemical property analysis 
Figure 4.14 (a) shows the plots of impedance of samples crystallised at different crystallization 
durations whereas Fig. 4.14 (b) shows Arrhenius plots of the samples. Table 4.4 tabulates the 
room temperature conductivity and activation energy calculated according to the Figure 4.14. It 
can be seen that the conductivity of samples with duration of 8h is almost 1.5 times of that of 
other two samples at room temperature while its grain boundary conductivity is almost 5 times. 
From the scope of Arrhenius plots, activation energy can be obtained that minimum value is for 
samples of 8h, which is corresponding to the conductivity value. And the Ea of samples with 
duration of 4h and 12h is close which can be explained as the energy barrier of Li-ions is close 
for insulate amorphous phases and cracks. 
 
Figure 4.14 (a) Room temperature impedance spectra and (b) Arrhenius plots of LAGP 
glass–ceramic specimens crystallized at 800°C for 4h, 8h, 12h 
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Table 4.4 Room temperature conductivity and activation energy for LAGP specimens 
crystallized at 800°C for 4h, 8h, 12h 
 
Crystallization Parameter σb (S cm
-1) σgb (S cm
-1) σtotal (S cm
-1) Ea (eV) 
800°C,4h 6.11ｘ10-4 6.55ｘ10-4 3.16ｘ10-4 0.34 
800°C,8h 5.27ｘ10-4 2.91ｘ10-3 4.46ｘ10-4 0.29 
800°C,12h 5.94ｘ10-4 6.38ｘ10-4 3.07ｘ10-4 0.32 
 
Figure 4.15 shows the CV of LAGP/Li at a scanning rate of 0.1mV/s. The redox-like humper at 
0.8V (vs Li/Li+) was caused by deposition of Li on the surface of LAGP sample. No other redox 
peaks were observed in the potential range up to 7V (vs Li/Li+), indicating a wide 
electrochemical window of at least 6.2V. This enables a wide selection of cathode materials with 
LAGP as solid electrolyte. 
 






(1) Li1.5Al0.5Ge1.5(PO4)3 was successfully synthesized by melt-quench method. Compared with 
solid-state method, the grain size of the melting-quenched LAGP is much smaller. As a result, 
melting-quench improved the ionic conductivity significantly in both grain and grain boundary. 
Its total conductivity is more than 10 times of that of slid-state method. 
(2) The influence of crystallization parameters on composition, microstructure and 
electrochemical properties of LAGP were investigated. Structural changes and morphology of 
the annealed pellets were detailed by XRD, NMR and SEM. Measured by impedance 
spectroscopy, the highest conductivity of 4.46ｘ10-4 S cm-1  with an activation energy of 
0.29eV was achieved at the crystallization temperature of 800°C for 8h. Crystallization 
parameters show strong influence on the bulk ionic conductivity due mainly to the effect on 
bonding strength, amount of impurity phases as well as porosity. The formation of amorphous 
phase, cracks and voids in morphology can be effectively controlled by adjusting crystallization 
parameters, thus enhancing the ion transportation at grain boundary. The crystallized LAGP 









Chapter 5 Li1.5Al0.5Ge1.5(PO4)3 Li-ionic conductor Prepared 
by Melting Quench and low temperature pressing 
5.1 Introduction 
In melting-quench process, LAGP glass sometimes cracked when cooling rate is not properly 
controlled because of high surface stress which generates large temperature gradient between 
the outside surface and inside surface. As a consequence, the unusable glass should be re-cast at 
high temperature again leading to a large amount of energy wasted. It is well known that glass 
will show a special rubber-like behaviour between glass transition temperature, Tg, and 
crystallization temperature, Tc. This behavior will enable glass to be soft enough for remoulding 
under an external pressure. Therefore, in this section, a low temperature hot pressing process 
was applied to recycle and remould the waste glass LAGP. The pressing temperature is set based 
on thermal analysis of glassy LAGP powders. Different pressures and sintering temperatures are 
investigated for optimization.  
5.2 Experimental 
The LAGP melt obtained from chapter 4.2 was poured into rolling machine to fabricate glass 
sheet. The glass sheet was then grinded into powder for hot pressing using a high energy ball 
milling (Spex CertiPrep 8000 Mixer/Mill) for 5 min. The LAGP glassy powder was loaded into 
a graphite die of 10mm internal diameter after milling. The die was placed in a hot press 
machine (MRF3852, United States) and heated in an argon atmosphere with a heating rate of 
5°C/min to 500°C. After reaching 500oC, pressure was applied. While the load was maintaining 
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at the designed value, the mould was further heated to 600°C at a heating rate of 5°C/min and 
remained at 600°C for 1 h. The pelletized pellets were finally crystallized after hot pressing at 
three different temperatures of 800, 850 and 900°C for 5 h to study influence of crystallization 
temperature. 
5.3 Thermal analysis 
 
Figure 5.1 Thermogram of the LAGP glass, (a) DTA and (b) TMA. 
 
To understand the suitable pressing temperature, thermal analysis was carried out. Figure 5.1 
shows the heat flow and dimension change of LAGP glassy powders heated from room 
temperature to 700°C at 5°C/min. From the DSC curve, glass transition temperature and 
crystallization temperature could be identified to be 523.8°C and 588.8°C, respectively. TGA 
measurement shows the evidence of large dimensional change starting at about 520oC at which 
the soft LAGP small pellet was deformed under the probe with small load (Figure 5.1 (b)). The 
dimension of LAGP glass increased sharply at around 640°C. This was caused by the 
crystallization of glass at high temperature. It is noted that after crystallization the dimension 
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was still decreasing , which was caused by the densification of crystallized grains. Besides, 
because of use of graphite mould, reduction will happen, leading to loss of Li+ by formation of 
Li2CO3. Li2CO3 will melt under large pressure when temperature exceeds 650°C, causing the 
melting of the whole pellet. Therefore, the hot pressing temperature should be controlled below 
650°C. 
Considering the thermal analysis and the redox reaction, hot pressing pressure was conducted 
from 500°C to 600°C in this experiment. As the dimension change reaches maximum at 600°C, 
the sample was kept being pressed under 600°C for 1h to densify the glass pellets. 
5.4 Crystal structure analysis 
Three hot pressing pressures of 10, 20 and 30 MPa were used to densify the pellets. Figure 5.2(a) 
shows the XRD pattern of as-hot pressed and annealed pellets. The main phase of both pellets is 
NASICON-structured which could be well indexed to LAGP. But the intensity of as-hot pressed 
pellet is much lower than annealed one with a much higher background noise, indicating that the 
crystallinity is relatively low in hot pressing process. After annealed at 800°C, the peaks of XRD 
pattern is high and narrow, implying the LAGP pellet was well crystallized. A small amount of 
impurity phase Li2O is also identified. XRD patterns of pellets with different pressure and 
different annealing temperature are presented in Figure 5.2(b) and (c). It can be observed that 
neither the crystallinity nor impurity differs largely in these samples, indicating that these two 




Figure 5.2 XRD pattern of (a) as-hot pressed and 800°C annealed pellets, (b) pellets hot pressed 
with different pressures and (c) pellets annealed under different temperatures. 
 
The chemical composition of 800°C annealed pellet was analyzed by ICP in detail. The content 
of Fe is smaller than 0.5wt.%, while the amount of Li, Al, Ge, and P are respectively 2.86, 3.71, 
29.77 and 25.49 wt.%, corresponding to 1.506:0.499:1.494:3 at a molar ratio, indicating the 
pellet is close to standard LAGP. 
5.4 Morphology 
Figure 5.3 shows the cross section SEM images of as-hot pressed and annealed LAGP pellets. It 
can be observed that for the as-hot pressed sample, the morphology is relatively dense with 
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unclear particles although crystallization took place during the hot pressing. After annealing, the 
cross section is composed of close packed rectangle grains with an average size of 0.2μ m, 
implying that during the hot pressing, the phase transformation from glass to ceramic just 
already took place while the crystallization was mainly completed in annealing process.  
 
Figure 5.3 SEM images of cross-section of (a) as-hot pressed pellet and (b) annealed pellet. 
 
 
Figure 5.4 SEM images of pellets hot pressed and annealed under (a) 10MPa, 800°C, (b) 20MPa, 
800°C, (c) 30MPa, 800°C, (d) 30MPa, 750°C and (e) 30MPa, 850°C 
 
 The morphologies of the pellets hot pressed under different pressures are shown in Figure 
5.4(a), (b) and (c). It can be observed that in images of high magnitude, there is no much 
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difference in crystallinity, grain size or arrangement. The grains are all in regular rectangle with 
distinct edges. The average size is around 0.3~0.4μ m. The grains are arranged in an order with 
very good contact. This further proves that the main crystallization process happen in annealing 
procedure because the parameters in hot pressing process has little impact in the crystal structure. 
No evident void could be seen between each grain. However, for the pellets hot pressed under 
10MPa and 20MPa, some cracks around 40μ m and voids appear in their low magnitude SEM 
images (the inset in Figure 5.4(a) and (b)). According to references [140, 141], micro-holes in 
LAGP pellet are caused by the aggregation of particles during annealing process. Based on DSC 
and TMA data, in this temperature range, the glass powder would be soften. However, low hot 
pressing pressure of 10 and 20MPa was unable to fully densify the powder into pellets. In the 
subsequent crystallization process growth of grains led weak bonding detached forming cracks. 
High pressure pressing at 30MPa permitted glassy powder fully compressed into pellets with 
good bonding that had enough bonding stress to prevent formation of cracks during 
crystallization (inset in Figure 5.4(a)). It is noted that there are very small voids around a few 
micrometers in these three sample, which may be caused by the presence of gases entrapped 
inside pellets 
Figure 5.4 (c) through (e) show the cross-sectional morphologies of pellets hot-pressed at 30 
MPa but crystallized at different temperatures. The pellet crystallized at 750°C seems not 
crystallized completely or at least not crystallized well with blur edges between crystallized 
grains (Figure 5.4 (d)). In addition, there exist large cracks between layers of grains vertical to 
the pelletizing direction. (Figure 5.4(d)). The crystallinity increases obviously as the increase in 
crystallization temperature. For the pellet crystallized at 850°C, the grain size increased up to 
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1~1.2μ m. The contact between grains will be seriously weaken when the grain size exceed 
certain value and voids are generated at grain boundaries. Therefore, many holes around 10~20
μ m can be observed on the cross-section (inset the Figure 5.4(e)) and a abrupt decrease in 
density is resulted in. Among three different crystallization temperatures, most dense 
morphology can be seen from Figure 5.4 (c) where the pellet was crystallized at 800oC. 
Although there are some small voids can be seen, no obvious large cracks have been observed. 
The change of density with different parameters is shown in Figure 5.5. As we measured, the 
density of amorphous phase is around 3.33 g/cm3 while the theoretical density of LAGP crystal 
is 3.43 g/cm3 (shown in Chapter 4.4.1.1). Although some cracks are generated in pellets 
annealed at 750°C, the residue glass phase existing between grains increase the overall density 
of the pellets. Whereas, in pellets which are fully crystallized at 800°C, the voids between 
individual grains lead to a decrease in density, which is about 86% verus the theoretical 
density of LAGP, even without large cracks or holes. With further emerging of holes, the 
density continues to decrease as the rising of the annealing temperature. The density is improved 
with the increasing of pressure in hot pressing process. The density reaches the maximum at 




Figure 5.5 Density of pellets with different hot pressure and annealing temperature 
5.5 Electrochemical property 
Figure 5.6 Room temperature impedance spectra of (a) as hot-pressed pellet, (b) 800°C annealed 




Impedance spectra measured at room temperature are shown in Figure 5.6. Since crystallization 
at 750oC was unable to fully crystallize the LAGP, the resistance against Li ions’ transportation 
is divided into two contributions, one of which is contributed by small amount of amorphous 
phase and another one crystallized phase (Figure 5.6 (a)). Therefore two resistors of R1 and R2 
were used in the simulation. For the fully crystallized pellet, as there is only crystallized phase, 
the grain boundary part of the curve could be simulated by one circle (Figure 5.6 (b)). The total 
conductivity of the as-hot-pressed pellet is rather low with a value of 2.75ｘ10-6 S cm-1 while 
that of the crystallized one is 3.83ｘ10-4 S cm-1, which is comparable with those of 
melting-quench LAGP samples. Figure 5.6 (c) and (d) present the impedance of pellets with 
different processing parameters. It can be seen that the influence of hot pressing pressure on bulk 
conductivity is relatively small. This can be attributed to the limited influence of pressure on 
crystallinity as shown in XRD and SEM. However, the grain boundary conductivity is obviously 
improved as the pressure increase to 30MPa, which is corresponding to the SEM result that the 
cracks are eliminated under this pressure. As a result, the total conductivities of the pellets 
hot-pressed from 10MPa to 30MPa are all within 3ｘ10-4~4ｘ10-4 S cm-1. The annealing 
temperature has a large impact in samples’ crystallinity as well as in density. So the 
corresponding conductivity varies largely both in grain and grain boundary. The optimal 
property was obtained for the pellet pressured at 30MPa and crystallized at 800°C with the value 
6.97ｘ10-3 S cm-1 and 3.83ｘ10-4 S cm-1 for grain boundary and total conductivity, respectively. 
The dependence of activation energy on hot pressing pressure and crystallization temperature is 




Figure 5.7 Arrhenius plots (a) pellets hot pressed under different pressure and (b) pellets with 
different sintering temperature. 
 
Table 5.1 Bulk, grain boundary, total Li ion conductivity and activated energy of as hot pressed 











as hot-pressed pellet 1.19ｘ10-5 3.73ｘ10-6 2.75ｘ10-6 --- 
10MPa, 800°C 3.37ｘ10-4 4.68ｘ10-3 3.14ｘ10-4 0.310 
20MPa, 800°C 3.59ｘ10-4   5.49ｘ10-3 3.37ｘ10-4 0.299 
30MPa, 800°C 4.05ｘ10-4 6.97ｘ10-3 3.83ｘ10-4 0.290 
30MPa, 750°C 1.88ｘ10-4 1.21ｘ10-3 1.63ｘ10-4 0.312 
30MPa, 850°C 2.41ｘ10-4 1.69ｘ10-3 2.11ｘ10-4 0.304 
 
according to Eq. 4.2. The total activation energy of the pellet in the optimal processing condition 
is 0.290 eV, which is also equivalent to that of melting-quench LAGP. Table 5.1 summarises 
bulk, grain boundary and total conductivity as well as activation energy of all the pellets.  
The schematic diagram of crossover test and its CV result of the LAGP pellet (30MPa, 800°C) is 
shown in Figure 5.8. As shown in Figure 5.8(a), the testing cell is composed of two compartment, 
which were filled with LP40 electrolyte and separated by the LAGP pellet. 20mM ferrocene 
(Fe(C5H5)2) was dissolved into the cathodic compartment to be used as active species. By 
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monitoring the trace of ferrocene in the anodic compartment, the crossover of ferrocene can be 
determined. In Figure 5.8(b), two peaks of 3.2 and 3.2V vs. Li/Li+ can be observed in catholyte 
side, indicating a redox reaction occurring between ferrocene and Li foil. While in the anolyte 
side, no peak exists in the potential range of 2.8V to 3.8V vs. Li/Li+, imply that there is no 
ferrocene at this side. Therefore, it can be concluded that no ferrocene crossover the pellet 
during measurement and no throughout micro-holes existing in the pellet. 
Figure 5.8 (a) Schematic diagram of crossover test, (b) CV curves for the crossover test of the 
crystallized LAGP (30MPa, 800°C). 
5.6 Conclusion 
LAGP glass powder was successfully remoulded through a low temperature hot pressing 
process followed by crystallization. The crystal structure, morphology, density and 
electrochemical properties were investigated. It was observed that the glass conduct a 
rubber-like behaviour between 520°C to 640°C in TGA and TMA results, facilitating the 
improvement of density by pressing in this temperature range. To optimize the process, different 
pressures and annealed temperatures are studied. As a result, the best conductivity could be 
achieved in the condition of 30MPa and 800°C. The total conductivity is 3.83ｘ10-4 S/cm with 
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the activation energy of 0.290eV. A crossover test was conducted on the pellet that was 
hot-pressed at 20MPa and 800°C. No leakage was noted when it was cycled between 2.8V and 
3.8V. 
In addition, because of the existence of carbon in graphite mould, a redox reaction could take 
place where the Li+ is dragged out and form Li2CO3. When temperature exceed 650 °C under 
large pressure, Li2CO3 would melt and lead to the melting of the whole pellet. Therefore, the hot 
pressing temperature should be not higher than 600 °C. 
With this method, the melting-quench process could be simplified by a rolling machine. In 
addition, the glassy LAGP could be shaped into different geometries by the remoulding process 











Chapter 6 High conductivity lithium aluminium germanium 
phosphate prepared by sol-gel and hot pressing 
6.1 Introduction 
LAGP has been synthesized by many different methods including solid state, melting-quench 
and sol-gel. [48, 49, 56, 57] Melting-quench is one of the most effective ways by which the total 
conductivity of LAGP could reach up to 6.13ｘ10-4 S cm-1.[51, 52, 142] However, this process 
requires a high temperature melting with the working temperature as high as over 1200 °C. 
Since it is a high temperature melting processing, inert crucible, very often Pt, must be used 
leading to high performance cost. To lower the synthesis temperature, solution-based method is 
emerged. The solution-based process could lead to more uniform particle size distribution and 
smaller average particle size. Furthermore, due to the small size of particles in precursor solution, 
it is possible to incorporate doping elements into the lattice of LAGP to adjust the lattice 
parameters.[39] However so far, the ionic conductivity especially grain boundary conductivity 
of samples obtained by solution-based methods are still relatively low because of their lower 
relative density which is around 85% compared with 98% of melting-quench-processed 
samples.[56, 57, 64] 
Low density of ceramic pellets is mainly caused by microvoids, cracks and impurity phases 
generated during sintering process. To reduce and finally eliminate the microvoids and cracks, 
many techniques have been employed, such as optimizing the sintering parameters and adding 
densification agents.[52, 57] However, inclusion of densification agents may lower the intrinsic 
grain boundary conductivity. To solve this issue, hot pressing is used for the sol-gel processed 
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powder in order to densify LAGP pellets and improve its ionic conductivity. Since the carbon 
atoms from graphite mode will interact with pellets leading to a reduction of Li ions within the 
NASICON lattice, different amount of Li addition from LiNO3 precursor is added to compensate 
for Li loss. The influence of hot pressing in composition, microstructure, lattice parameters and 
ionic conductivity on sol-gel LAGP pellets is investigated.  
6.2 Experimental  
LAGP powder was prepared by a sol-gel process.[56, 64] In the sol-gel processing, Ge(OC2H5)4 
with concentration of 0.67M, LiNO3, Al(NO3)3·9H2O and NH4H2PO4 were weighed in a molar 
ratio of Li:Al:Ge:P = 1.5:0.5:1.5:3 with 10% excess  Li added  and the above mentioned 
precursors were successively dissolved into a citric acid (2M). A certain amount of ethylene 
glycol was also added in and stirred continuously to promote polyesterification and 
polycondensation. The molar ratio citric acid to ethylene glycol is 1:1. The solution was then 
stored in an oven at 170ºC for 12h to form an aerogel. The aerogel was grinded in a zirconium 
oxide jar with four ZrO2 balls (Retsch PM100) at a speed of 200 r.min-1 for 4h. The 
as-synthesized powder was then heated at 500°C for 4h followed at 800°C for 5h in air to form 
the desired NASICON phase. The resultant clusters were ground by a high energy all milling 
(Spex CertiPrep 8000 Mixer/Mill) for 1h and the powder was finally pressed into pellets by cold 
pressing before being sintered at 800°C for another 11h.  The sintered pellets were ground by an 




For the hot pressing process, the powder obtained from previous steps was loaded into a graphite 
mould with an internal diameter of 10mm. The mould was placed in the chamber of hot pressing 
machine (MRF3852, United States) and heated to 600°C in argon atmosphere at a heating rate of 
5°C/min. When the temperature reached 600°C, a pressure of 25MPa was loaded. The pressure 
was kept for 80min while the temperature remained at 600°C for 1h. The temperature then 
decreased to room temperature at 5°C /min. The same powder was also cold compacted and 
sintered at 800°C for 11h for comparison.  
6.3 Thermal analysis 
  
Figure. 6.1 TGA graph of LAGP sol-gel precursor. 
 
Fig. 6.1 reveals the TGA plot of the LAGP sol-gel precursor before heat treatment. The sol-gel 
precursor was heated from room temperature to 1000°C. As can be seen, there is a sharp drop of 
weight between 200 to 400°C, which was attributed to the pyrolysis of polymer precursor. 
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Above 400°C, the weight keeps decreasing slowly until 800°C, after which the change of the 
weight is negligible. Based on the observation from TGA, the precursor was then heated at 
500°C and 800°C, respectively, before annealing so that organic constituencies in the precursor 
can be fully decomposed before the final consolidation.  
6.4 Phase structure and chemical composition 
 
Figure. 6.2 XRD spectra of (a) hot pressed samples with different amount of LiNO3 added in, 














LAGP powder before hot pressing 3.24 3.76 18.65 24.26 
Hot pressed with 0% LiNO3 added 2.70 3.36 19.84 24.18 
Hot pressed with 10% LiNO3 added 2.90 3.50 18.71 24.44 
Hot pressed with 15% LiNO3 added 3.21 3.47 18.44 24.43 
 
Fig. 6.2 (a) shows the X-ray diffraction spectra of the hot-pressed Li1.5Al0.5Ge1.5(PO4)3 pellets 
with different amounts of LiNO3. It can be observed that for the hot-pressed sample without 
extra Li added, a high hump of amorphous phase exists around 10º due to some reduction of 
LAGP pellets caused by carbon mould. This reaction can be assumed by: 
                                                                       (6.1) 
The evidence of reduction in Li amount could also be verified through ICP analysis as tabulated 
in Table 6.1. To compensate the Li loss, certain amount of LiNO3 was added before hot pressing. 
LiNO3 will be decomposed at 873°C under standard atmospheric pressure as follow:     
                                                       (6.2)                              
In the present study, because of high pressure during hot pressing process, the reaction 
temperature decreases according to Clapeyron relation. Thus, although the highest temperature 
is only 600°C during hot pressing, the reaction of Eq. (6.2) took place. With introducing LiNO3, 
the amorphous hump disappears even with 10% LiNO3. The dominant phase in all cases is 
LiGe2(PO4)3 with rhombohedral structure (PDF card #80-1924). The ICP results reveal that the 
weight ratio of Li increases with the addition of extra LiNO3. In the sample with 15% LiNO3 
added, the weight ratio of Li is comparable with that of powders before hot pressing, indicating 
that there is no reduction and the Li loss due to redox reaction is almost compensated.   
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Fig. 6.2 (b) shows the XRD spectra of LAGP powders before and after hot pressing. It is evident 
that both powder and hot-pressed pellet have identical structure. However, a small amount of 
impurity phase AlPO4 was observed after hot pressing due maybe to the small amount of Li 
deficiency resulted from redox reaction.  
6.5 Morphology 
Fig. 6.3 shows the SEM/TEM images of precursor powder and cross section of pellets with and 
without hot pressing. As shown in Fig. 6.3(a) and (b), after polyesterification and 
polycondensation, the obtained dry gel precursor is composed of clusters of small and round 
particles with a diameter of around 0.8μ m. With the heat treatment, the round particles turn into 
rectangle grains with sharp corners (Fig. 6.3(c)). The grain size is around 0.5μ m. For pellets 
without hot pressing, cracks and some pores can be observed at relatively low magnification. 
The presence of pores is due to uncompleted sintering and presence of gases that were entrapped 
inside pellets. The cracks were caused by residual tensile stresses. Although cooling rate was as 
low as 5°C/min, residual stress could not be released at this cooling rate. Once the residual 
stresses are large than fracture strength, cleavage crack will take place. Some obvious 
differences can be observed from the hot-pressed pellet from Fig. 6.3 (e) and (f). Firstly grains of 
the hot-pressed pellet do not show very sharp edge and grain size appears slightly bigger which 
is around 0.6μ m. At a high magnification as shown in Fig. 6.3(f), very densely arranged grains 
could be observed without any evidence of microcracks and pores. The density measured by 
Archimedes method is shown in Fig. 6.4. 
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Figure. 6.3 SEM micrographs of LAGP in different forms: (a) and (b) sol-gel precursor with 
inset showing TEM image of sol-gel precursor powder, (c) and (d) cross section of pellets 
without hot pressing, and (d) and (e) cross section of pellets with hot pressing (15% LiNO3 
added). 
 
Porosity is calculated according to the following equation: 
         
        
        
                             (6.3) 
Where the density of air      is 0.001225 g/cm
3, the theoretical density     is 3.43 g/cm
3, 
which is calculated based on Rietveld refinement data. Hot pressing process greatly improved 
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the density of pellets from 3.06 g/cm3 to about 3.3 g/cm3 and the decrease the porosity from 12% 
to 4%. The amount of added LiNO3 also evidently shows an influence on the density because the 
amount of Li and O loss differs in these samples.  
 
 
Figure. 6.4 Density and porosity of samples with and without hot pressing at different amount of 
LiNO3 added 
 
6.6 Electrochemical Property 
The complex impedance spectra of the hot pressed pellets with different amount of LiNO3 are 
show in Figure 6.5. The plots are composed of a semicircle at high frequency and a spike at low 
frequency. The semicircle is contributed by grain boundary, where its diameter represents the 
grain boundary (GB) resistance. The intercept of the semicircle with real axis at high frequency 
is considered as bulk resistance and the resistance of the interfaces between the ion block layer 
and the pellet. All the plots are normalized by surface area and thickness of  
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Figure 6.5 (a) Schematic plot of microstructure in pellets interacted with carbon (dark areas 
represent reduced grain boundaries), impedance spectra of hot pressed pellets with (b) 0% and 
10% LiNO3, (c) 15% LiNO3 addition. 
 
samples. It can be seen that the hot-pressed pellets with 0% and 10% LiNO3 show the irregular 
semicircle shapes probably attributed to the existence of reduction area. It is speculated that 
there are two kinds of chemical composition at grain boundary, one of which is original 
boundaries between LAGP grains and another is those areas that were reduced.  This 
assumption is schematically illustrated in Figure 6.5(a) in which the black area represents the 
grain boundaries that are reduced during hot pressing whereas the black lines between grains 
represents normal grain boundaries. The semicircles shown in Figure 6.5(b) are actually 
composed of two semicircles with different time constants and diameters R1 and R2. Therefore, a 
series of two paralleled resistance and capacitance in the circuit shown in Figure 6.5(b) is 
applied to simulate the semicircle in these two samples. For the hot pressed pellet with 15% 
LiNO3 added, there is nearly no reduction reaction taking place and only at the original grain 
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Table 6.2 Bulk, grain boundary and total conductivities of pellets with and without hot pressing 
 
Sample σbulk (S cm
-1) σGB (S cm
-1) σtotal (S cm
-1) 
Without hot pressing 3.24ｘ10-4 3.45ｘ10-4 1.67ｘ10-4 
Hot pressed without LiNO3 added 3.21ｘ10
-4 1.38ｘ10-4 9.65ｘ10-5 
Hot pressed with 10% LiNO3 added 3.23ｘ10
-4 4.56ｘ10-4 1.89ｘ10-4 
Hot pressed with 15% LiNO3 added 3.22ｘ10
-4 1.69ｘ10-3 2.70ｘ10-4 
 
boundary existing in the sample. Hence the shape of its semicircle is relatively standard. Ionic 
conductivities calculated according to fit results are summarized in Table 6.2. As shown, for all 
the samples, the bulk conductivities are quite close. The main difference is the grain boundary 
conductivities, where the grain boundary conductivity of the hot pressed sample with 15% 
LiNO3 is nearly 5 times higher of that of the sample without hot pressing because the density of 
grain boundaries of the hot-pressed sample is much higher although the hot pressing process 
does not change the crystal structure of grains. The hot pressing also prevented the cracks and 
voids. Table 6.2 also clearly shows impact of grain boundary reduction reaction. At low addition 
of LiNO3, the amount of Li along grain boundaries is lower than desired stoichiometric amount 
so that Li ion transportation rate is low. 
Fig. 6.6 (b) reveals the temperature dependence of ionic conductivity from 50ºC to 150ºC. The 
activation energy of the directly sintered sample is 0.3292eV. With the help from the hot 
pressing process, the activation energy was reduced from 0.3292eV to 0.3071eV. This value is 
comparable to activation energy in the LAGP glass-ceramics prepared melting quench, which is 
reported to be about 0.30eV.[52, 135] 
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Figure 6.6 (a) Impedance spectra, (b) Arrhenius plots of pellets with and without hot pressing 
6.7 Conclusion 
A hot pressing process was used to improve the ionic conductivity of Li1.5Al0.5Ge1.5(PO4)3 
prepared by sol-gel method. Composition, structure, morphology and impedance were 
investigated. With the hot pressing process, small amount of AlPO4 impurity phase appear 
because of Li deficiency. Although hot pressing was carried out at 600oC, it effectively 
suppressed cracks and void. The porosity was reduced from 12% to 4%. As a result, the grain 
boundary conductivity of the hot-pressed pellets was 5 times of non-hot-pressed ones. The total 
conductivity was improved from 1.67ｘ10-4 S cm-1 to 2.70ｘ10-4 S cm-1. It is noted that in the 
hot pressing process, the interaction between graphite mould and ceramic samples is a big 
problem. It was observed from XRD and ICP results that the graphite mould caused a redox 
reaction of LAGP, leading to formation of impurity at grain boundary region and a large 
reduction of Li ion amount. Different amounts of LiNO3 were added to reduce this 
contamination effect. It was found that in the present processing condition, a molar ratio of 15% 
LiNO3 is most proper where the Li loss is just compensated and the impedance spectra of grain 
boundary shows only one phase. 
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Chapter 7 Lithium ion conducting solid state membrane of 
Li1.5Al0.5Ge1.5(PO4)3 Prepared by Tape Casting 
7.1 Introduction 
In nonaqueous Li-air batteries, some contaminants such as moisture, N2, CO2 and so on 
existing in air will react with nonaqueous electrolyte and Li metal, and finally shorten the 
operation life of the batteries.[127] Therefore, an idea of hybrid Li-air batteries was introduced 
in which two compartments are designed. One of which contains Li together with nonaqueous 
electrolyte and another aqueous one. To separate the nonqueous electrolyte from aqueous one, 
a separator that separates two different electrolytes but can still transfer  Li ions must be 
installed between the two electrolytes. NASICON-type Li1.5Al0.5Ge1.5(PO4)3 (LAGP) is a 
candidate material for the separator (protective layer). The separator should be as thin as 
possible to reduce Li ion transportation resistance. However, LAGP is usually made into a 
form of pellets by dry pressing and has a thickness of at least 1mm, which is too thick for 
protective layer.[49, 50, 56, 135] In a few report about LAGP membranes, the porosity of the 
products are relatively high (>10%) so that some polymers should be infiltrated to increase the 
impermeability of the membrane, which may decrease its ionic conductivity as a side 
effect.[143, 144] Therefore, in this section of the research work, an easy tape casting method is 
proposed to fabricate LAGP membranes with a high density, high ionic conductivity and an 
ideal dimension. The chemical composition, morphology, ionic conductivity and the stability 




The NASICON-type LAGP glass-ceramic was prepared by a melting quench method (4.2.2) 
followed with a sintering process of 800°C for 8h. The glass ceramics obtained were milled 
into powder by high energy ball milling machine (SPEX CertiPrep 800 Mixer/Mill) using iron 
balls. The LAGP powder obtained was mixed with organic solvent (40wt% of ethanol and 
40wt% of toluene), plasticizer (2 wt% of butyl benzyl phthalate and 2 wt% of polyethylene 
glycol) and binder (8 wt% of polyvinyl butyral) by high energy ball milling machine using iron 
balls for 1h (The weight ratio is on the basis of LAGP weight). The slurry with LAGP powder 
was then tape-cast on plastic films to obtain green sheets with a doctor blade method. The blade 
height is around 1 mm, and the velocity of the blade is around 20 mm/s. After drying for 15min, 
the green sheets were peeled off by knife and cut into round pieces in a diameter of 15mm by 
puncher. Two pieces were laminated and pressed uniaxially at 150°C to form green compact. 
The sheets were heated at 600°C for 2h to burn out the binder and sintered at different 
temperatures and durations with platinum plates pressed on both sides. The heating rate is 
5°C/min. 
7.2 Thermal analysis 
Figure 7.1 presents the change in heat flow and weight of tape-cast green sheets against 
temperature. The green sheet was heated from room temperature to 1000°C at a heating rate of 
5°C /min. The TGA curve shows a continuous weight loss from room temperature to around 
500°C. This should be attributed by the degradation, oxidation of polymer components and 
evaporation of water and carbon dioxide. A strong exothermic peak can be observed at ~300°C 
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in the DTA curve, which characterizes the intense degradation of binder polyvinyl butyral 
around this temperature [145]. Above 600°C, the weight of the green sheet remains constant 
while heat released increases. In this temperature range, further crystallization of LAGP occurs 
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Figure 7.1 TGA and DTA plot of polymer-LAGP green sheet 
 
7.3 Phase structure 
Figure 7.2(a) shows the XRD patterns of tape-cast LAGP membrane sintered at 800, 900 and 
1000°C for 11h. For tape-cast green sheet, most parts of the composition are polymers so that 
no evident peak is observed in the pattern. After de-bonding and sintering, a phase of 
LiGe2(PO4)3 (PDF#80-1922) is formed which is dominant in all the samples. Some impurities 
can also be identified in the patterns of different samples. For samples sintered at 800°C and 
900°C, a small peak at 18° can be observed, which indicates the existence of AlPO4. In the 
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sample sintered at 1000°C, this peak become extremely strong, indicating a large increase in 
the amount of AlPO4. Also, two other peaks at 48° and 38° which can be identified as the 
impurity phase GeO2 appear. Thus, it can be assumed that a decomposition of  
Figure 7.2 XRD plots of polymer-Li1.5Al0.5Ge1.5(PO4)3 green sheet, Li1.5Al0.5Ge1.5(PO4)3 




Li1.5Al0.5Ge1.5(PO4)3 takes place at 1000°C. The sintering temperature should be controlled 
below 1000°C. XRD patterns of samples sintered at 900°C for 7, 11 and 15h are shown in 
Figure 7.2(b). The sintering time seems to have a main influence on GeO2 phases because for 
11h, the amount of GeO2 greatly increases as shown by the peak at 26°, which may due to the 
evaporation of Li under high temperature. The amount of AlPO4 phase also gradually increases 
as the extension of sintering time. 
According to the ICP result shown in Table 7.1, for sample sintered at 900°C for 11h, the 
content of C, H, N is less than 0.5 wt%. The molar ratio of Li, Al, Ge, P of this sample is 
calculated as 1.5:0.49:1.55:3.42. The ICP and XRD results indicate that the polymer 
components react completely at 900°C and the composition is close to the standard value in 
Li1.5Al0.5Ge1.5(PO4)3. The minor composition shift could be attributed to the error in preparation 
process. 
 
Table 7.1 Element analysis (weight ratio) of sample sintered at 900°C for 11h 
 
Element Li Al  Ge  P  C H N 







Figure 7.3 SEM image of (a) polymer-Li1.5Al0.5Ge1.5(PO4)3 green sheet, and Li1.5Al0.5Ge1.5(PO4)3 
membrane sintered with different parameters: (b) 800°C,11h, (c) 900°C, 11h, (d) 1000°C, 11h, 
(e) 900°C, 7h, and (f) 900°C,15h. 
 
Morphologies of the LAGP membranes with different sintering parameters are shown in Figure 
7.3. The mixture of LAGP powders with polymer binder were obtained from grinding the 
ceramic pellets prepared by melting-quench method followed by crystallization at 800oC for 8h 
in Chapter 7.2, in which the pellets are fully crystallized with grains of about 0.4μ m (Figure 
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4.11(d)). However, in the tape-cast green sheet shown in Figure 7.3(a), the LAGP powders are 
of a diameter of around 0.2μm and in irregular shapes, indicating that the well-crystallized 
grains in pellets are broke into small pieces during the milling process. Therefore, the LAGP 
powders need to be recrystallized during the sintering process of green sheet after the polymers 
burning out, leading to an increase of the crystallinity in membranes. From Figure 7.3(b) 
through (d), it is evident that recrystallized grain formed and grew. The average grain size after 
sintering at 800°C, 900°C and 1000°C are 0.5μm, 1μm and 2μm, respectively. It is the same 
that for the membrane sintered at 800°C, grain edges are not so clear in comparison with others, 
indicating the uncompleted recrystallization. In its low magnitude of SEM images (inset of 
Figure 7.3(b)), large amounts of voids could also be observed due to the uncompleted sintering 
process, in which the space left by burned-out polymer components has not been fully 
eliminated by grown grains. As shown in Figure 7.3(c), well recrystallized grains with uniform 
sizes are presented for the sintering temperature of 900°C. Its morphology is also very closely 
packed with no evident cracks and holes could be seen. For the membrane sintered at 1000°C, 
the grain size is too large for gains to contact well with each other and numbers of large spaces 
exist between adjacent grains (Figure 7.3(d)). As for different sintering durations, the 
microstructure is not largely impacted from 7h to 15h, except that for the duration of 15h, a few 
individual grains evidently grow larger. 
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Figure 7.4 SEM image of cross section of two-layer Li1.5Al0.5Ge1.5(PO4)3 membranes sintered at 
(a) 800°C,11h, (b) 900°C, 11h, (c) 1000°C, 11h, (d) 900°C, 7h, and (e) 900°C,15h. 
 
Figure 7.4 shows the SEM images of cross section of two-layer LAGP membrane sintered with 
different parameters. The thickness of the 1-layer LAGP membrane is about 180μm. To 
improve the mechanical property, two green sheets of LAGP membrane were pressed together 
and sintered. The thickness of the two-layer LAGP membrane is about 350μm. The 
morphology of the junction of two layers varies from different sintering temperature evidently. 
Figure 7.4(a) shows the cross section of the two-layer LAGP membrane sintered at 800°C. The 
boundary between two layers can be clearly seen. With increase in the sintering temperature, 
the fusion of grains (and layers) in two layers become much better (Figure 7.4(b) and (c)) 
although a few cracks at the junction can still be seen from the membrane sintered at 900°C 
(Figure 7.4 (b)). For the membranes sintered at 1000°C, the two layers were totally fused 
together without any voids in between (Figure 7.4 (c)). There is no large difference in junction 
of the two layers of the membranes sintered with different duration (Figure 7.4 (d) and (e)), 
implying that sintering duration from 7h to 15h has no evidently impact on the fusion situation. 
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To further identify the quality of two-layer LAGP membrane, the density of membrane 
sintered at 900°C for 11h was measured by Archimede method. The porosity of two-layer 
LAGP membrane is calculated as 4.5%. This value is much lower than previous studies, in 
which the porosity is usually larger than 10%.[143, 144] 
7.5 Electrochemical properties 
Figure 7.5 shows the impedance spectra for the samples sintered at different temperatures and 
durations. The plots are typical for ionic conductor with blocking electrodes. The impedance 
spectra consist one or two semicircles at high frequency and a spike at low frequency. As the 
frequency of the impedance analyser is not high enough to test the bulk conductivity, the 
intercepts of plots at the real axis are assumed to represent the bulk resistance. The semicircles 
are regarded as to be contributed by the grain boundary resistance.  
For the sample sintered at 800°C, two semicircles are observed, in which one of them may be 
contributed by the poor contact at the junction of two layers of membrane (Figure 7.5 (a). The 
resistances of these two semicircles are also very large with values of 104 and 1.5ｘ104 Ω cm-1, 
respectively. Despite of the poor interface, the uncompleted sintering process is another reason. 
After polymer binder was burnt out, LAGP grains need to be recrystallized and to grow to large 
size in order to eliminate the space of polymer binders and achieve a good contact with each 
other. When sintering process is not completed, large amounts of voids exist between grains, 
resulting in a large grain boundary resistance. For samples sintered at 900°C and 1000°C, the 
fusion of grains at interface is good and LAGP grains is closely packed. Therefore, only one 
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semicircle with relatively small resistance (50~120Ω cm-1) is shown for these membranes. The 
equivalent circuit in the inset of Figure 7.5(b) is used to calculate the resistance. 
 
Figure 7.5 Room temperature impedance spectra of 2-layered Li1.5Al0.5Ge1.5(PO4)3 membrane 
sintered at (a)800°C, 11h, (b) 900 and 1000°C,11h and (c) 900°C for 7,11 and 15h 
 
Impedance spectra of the samples for different sintering duration are shown in Figure. 7.5(c). 
The grain boundary conductivity increases as the extension of sintering duration while the bulk 
conductivity is highest for the duration of 11h. Therefore, the optimal total conductivity is 
obtained for the sample sintered at 900°C for 11h, of which the bulk conductivity and grain 
boundary conductivity is 2.89ｘ10-4 S cm-1 and 2.81ｘ10-3 S cm-1 respectively. The detailed 




Table 7.2 Bulk Li+ conductivity, grain boundary Li+ conductivity, total Li+ conductivity of 











800°C, 11h 2.75ｘ10-5 7.24ｘ10-6 5.74ｘ10-6 --- 
900°C, 11h 2.89ｘ10-4 2.81ｘ10-3 2.62ｘ10-4 0.30 
1000°C, 11h 1.19ｘ10-4 1.36ｘ10-3 1.09ｘ10-4 0.31 
900°C, 7h 1.88ｘ10-4 1.20ｘ10-3 1.63ｘ10-4 0.31 
900°C, 15h 2.30ｘ10-4 3.24ｘ10-3 2.15ｘ10-4 0.30 
 
 
Figure 7.6 Arrhenius plot of LAGP membrane (2 layers) at different processing parameters. 
 
The dependence of ionic conductivity on temperature is shown in Arrhenius plots in Figure 7.6. 
The temperature range is from 30°C to 150°C. As there is no polymer in the final membrane, 
the plots are linear through this temperature range, implying that the membranes are stable for 
temperature up to 150°C. The activation energy is lowest for samples sintered at 900°C for 7h 
and 11h with a value of 0.30 eV. 
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The stability of the membrane in an aqueous electrolyte is a key factor for the operation of 
Li-air battery. So the time dependence of ionic conductivity of LAGP membrane in buffer 
solution is shown in Figure 7.7. The buffer solution in this case is 0.5M LiOH and 0.5M Li3PO4. 
As shown, the bulk conductivity has nearly no change in 46 days. The grain boundary decrease 
nearly one order of magnitude in first 2 weeks, from 2.81ｘ10-3 S cm-1 to 2.73ｘ10-4 S cm-1, 
and become stable then. As a result, the total conductivity was stable at ~ 1.30ｘ10-4 S cm-1 
after 2 weeks.  
 
 
Figure 7.7 Stability of LAGP membrane (2 layers) immersed in 0.5M LiOH and 0.5M Li3PO4 
buffer solution 
7.6 Conclusion 
Lithium ion conducting membranes with thickness of 150~350μ m were prepared by a tape 
casting process from Li1.5Al0.5Ge1.5(PO4)3 glass-ceramic powder. The highest conductivity with 
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activation energy 0.3 eV was obtained from the membranes that were sintered at 900°C for 11h, 
where the bulk and grain boundary conductivity are 2.89ｘ10-4 S cm-1 and 2.81ｘ10-3 S cm-1, 
respectively. The density of this membrane sintered at  900°C for 11h is 3.28g/cm3, with only 
less than 4.5% porosity. The stability of the membranes against 0.5M LiOH and 0.5M Li3PO4 
buffer solution was measured. After two weeks immersing in this buffer solution, its total ionic 
conductivity still remains as high as 1.30ｘ10-4 S cm-1 indicating high stability against 0.5M 















Chapter 8 Conclusions and Recommendations 
8.1 Conclusions 
In this work, NASICON-structured Li1.5Al0.5Ge1.5(PO4)3 was prepared by different methods, 
including melting-quench, sol-gel and hot pressing. Microstructure evolution, and physical and 
electrochemical properties associated with each processing were systematically investigated. 
High conductivity was achieved in this study compared with previous studies on 
NASICON-structured ionic conductors. The membranes of Li1.5Al0.5Ge1.5(PO4)3 were also 
fabricated for the application in Li-air battery. The present work suggests that 
Li1.5Al0.5Ge1.5(PO4)3 be one of the promising candidates serving as solid electrolyte for 
all-solid-state battery and Li-air battery. Based on the present studies, the following conclusions 
can be drawn: 
1. The present investigation has demonstrated that melting-quench method for 
processing of LAGP glass-ceramic is an easy and useful technology that effectively 
produces large pieces of glass-ceramics with high ionic conductivity. Compared with solid 
state solution, melting-quench can achieve one order magnitude higher conductivity. To 
improve conductivity, different crystallization parameters were investigated. The 
crystallized temperature was found to have influence on the strength of O-P network and 
Li-O and Li-P interaction, which decides the Li-ion mobility in Li-ion conductive tunnel. 
Both the temperature and duration of crystallization have been found to have strong impact 
on the physical as well as electrochemical properties since crystallization process 
determines crystallographic structures and morphologies of crystallized LAGP. Since 
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crystallization temperature and duration control degree of crystallization and growth of 
grain size, under-crystallization led to low conductivity because of incomplete 
crystallization whereas over-crystallization results in abnormal grain growth causing 
microcracks between large grains. As a consequence ionic conductivity is also lowered 
although it has a good crystallinity. With the optimal processing parameter in the present 
work, the highest bulk ionic conductivity of 5.61   10-4 S cm-1 and total ionic conductivity 
4.49   10-4 S cm-1 with an activation energy of 0.29eV can be achieved at 825°C for 8h. 
The electrochemical stability window was found to be from 0 to about 7V. 
2. With successful melting-quench, a number of solid electrolyte for Li-air was 
fabricated. However, there are some unused/remained leftover fragments of glassy ceramics. 
To fully use the waste, a cost-effective methodology was developed to recycle the unused 
glass ceramic. The principle of this methodology of recycling is based on mechanisms of 
glass transition temperature of glass materials. Between the glass transition temperature, Tg, 
and start of crystallization temperature, Tc, the glass materials show rubber-like behaviour 
which can be fully used for shaping. Different pressures and annealing temperatures were 
investigated. It is noted that phase transformation from glass to ceramic took place already 
during the low temperature hot pressing and full crystallization was mainly completed in 
post annealing process. The hot pressing could eliminate the cracks. As the pressure 
increases, the overall density of the pellet was improved. The annealing temperature 
controls the progress of phase transformation and grain growth. As a result, the best property 
could be achieved for the sample that was hot-pressed at 30MPa and crystallized at 800°C 
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for 5h. The total conductivity is 3.83ｘ10-4 S cm-1 and the activation energy is 0.290eV. For 
this pellet, no leakage occurred during 2.8V to 3.8V in a crossover test. 
3. To lower the processing temperature and to make the particles more uniform and smaller 
in size, a sol-gel method was explored to synthesize LAGP. Considering the density of 
sol-gel sample would be reduced during cold compact and sintering process, a hot pressing 
process is applied following the sol-gel process. Composition, structure, morphology and 
impedance were investigated. In this process, the temperature is lowered from 1350°C to 
800°C. The hot pressing effectively suppressed cracks and void, reducing the porosity from 
12% to 4%. As a result, the grain boundary conductivity of the hot-pressed pellets was 5 
times of non-hot-pressed ones. The total conductivity was improved from 1.67ｘ10-4 S cm-1 
to 2.70ｘ10-4 S cm-1. A redox reaction between graphite mould and LAGP pellets also was 
found in the hot pressing process. The redox reaction took place mainly at the grain 
boundary region, leading to an impurity phase and Li deficiency. Different amounts of 
LiNO3 addition were also investigated to compensate Li deficiency. A molar ratio of 15% 
LiNO3 turns out to be most proper where the Li loss is just compensated and the impedance 
spectra of grain boundary shows only one phase. 
4. Due to the superior electrochemical property of LAGP, membranes using LAGP were 
fabricated and applied to Li-air batteries. The LAGP membrane was successfully fabricated 
by a tape casting. The thickness of the membrane was 150~350μ m. The highest 
conductivity was obtained for membranes sintered at 900°C for 11h, in which the bulk 
conductivity was 2.89ｘ10-4 S cm-1 and the grain boundary conductivity was 2.81ｘ10-3 S 
cm-1. The density of this membrane was 3.28g/cm3, with a porosity of below 4.5%. The 
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membrane was stable at up to 150°C and the activation energy was 0.3eV. The stability of 
this membrane against 0.5M LiOH and 0.5M Li3PO4 buffer solution was measured. Its total 
ionic conductivity still remained as high as 1.30ｘ10-4 S cm-1 after immersing in the solution 
for 8 weeks. 
8.2 Recommendations 
Although LAGP with superior electrochemical properties has been successfully prepared by 
melting-quench, sol-gel and hot pressing method, the systematic investigations may shed some 
light on the understanding of the influence of crystal structure and morphology on 
electrochemical properties. This work starts with the research in NASICON-structured Li-ion 
conductors and there are still many investigations to be done in future. 
1. Li1+xAlxGe2-x(PO4)3 is actually proposed by using Al
3+ to replace the Ge4+ in LiGe2(PO4)3 
series. The amount of doped Al3+ can affect the lattice parameters and microstructure, thus 
having a large influence in ionic conductivity in LAGP ceramics. However, in this study, all 
the compositions of the materials are same. Therefore, more detailed investigation on 
different doping amount of Al3+ could be carried out in the future. 
2. Doping strategy is one of the most effective strategies to improve ceramics’ ionic 
conductivity. Dopants have an influence in ceramics by two ways, changing the 
concentration of carriers and modifying the tunnel size of Li-ion transportation. By 
substituting A4+ site with lower valence dopants such as trivalence ions Al, Ga, In, Sc, Y, La 
and Cr and bivalence ions Mg, Ca and Ba, the concentration of Li-ion could be increased, 
which was assumed to enhance the Li-ion conductivity. When the crystallographic unit cell 
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volume is around 1310Å3, the corresponding tunnel size is optimal for Li-ion motion in 
NASICON lattice.[146] However, for Li1.5Al0.5Ge1.5(PO4)3, the value is around 1220Å
3. 
Thus dopants with larger ionic radius than Ge4+ are expected to increase the tunnel size of 
LAGP and hence enhance the Li mobility throughout its lattice. This investigation has tried 
to dope Zr, Si, Sn by melting-quench method described Chapter 4.2.2 and Ca, Mg, Zn, La, 
Ga Sc, Y and Fe by sol-gel method described Chapter 6.2. But it was shown that all the 
dopants caused presence of impurity phase instead of fully substituting the Ge4+. There are 
two possible reasons for the failure of these doping, one of which is the intrinsic property of 
doping element that is not compatible with Ge4+, another one is that the synthesis method is 
not suitable for introducing exotic ions. To realize the doping strategy in LAGP, new 
dopants and new synthesis methods could be explored. 
3. One of the main applications of fast Li-ion conductor materials is all-solid-state battery. 
All-solid-state batter is regarded as the next generation energy storage device because it can 
effectively solve the safety issues. Also, the wide electrochemical window of solid 
electrolyte materials permits the application of high voltage cathode material, which could 
improve the specific capacity of the batteries. Some techniques could be adopted in 
assembling all-solid-state batteries based However, because the conductivity of solid 
electrolyte material is lower than liquid electrolyte, and the contact between solid electrolyte 
layer and electrode layers is relatively poor, the internal resistance of all-solid-state battery 
is usually very large. Therefore, some techniques should be adopted to enhance the contact 
between different layers or decrease the thickness of each layer to reduce the resistance, 
such as spark plasma sintering, pulsed laser deposition and spin coating. Another critical 
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factor in full battery assembly is the selection of electrode material. Except for the 
consideration of working voltage, crystal structure of electrodes closed 
NASICON-structured could also be studied since it may facilitate the transportation of 
Li-ion between different layers. Besides, a dielectric layer could also be considered to be 
inserted into electrode and electrolyte layers to eliminate the polarization and Li deficiency 
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